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Abstract 
This thesis describes the reactivity of different heavier alkaline earth catalysts 
[M{X(SiMe3)2}2(THF)n]m (M = Ca, Sr, Ba; X = N, CH; n= 0, 2; m= 1, 2) in the 
intermolecular hydroamination of styrene derivatives. The scope of these reactions with 
respect to the substrate was determined and detailed kinetic studies to establish rate law and 
temperature dependence of the hydroamination reactions reported were conducted. Overall, it 
was found that [Ca{N(SiMe3)2}2]2 is favoured enthalpically (Ca: ∆H‡ = 51 kJ∙mol-1, Sr: 
∆H‡ = 71 kJ∙mol-1) however the corresponding strontium bis(amide) proved a significantly 
better catalyst, likely due to a favourably high entropy of activation value (Ca: ∆S‡ = 
-168 J/mol-1·K-1, Sr: ∆S‡ = -92 J∙mol-1∙K-1). Large kinetic isotope effects of 4.1 and 7.9 at 
55 °C for the intermolecular hydroamination of styrene with piperidine mediated by 
[Ca{N(SiMe3)2}2]2 and [Sr{N(SiMe3)2}2]2, respectively, suggest a rate-determining alkene 
insertion into the M-N bond with immediate or concerted protonolysis. The methodology used 
in these hydroamination reactions was extended to simple dienes, diphenylacetylene and an 
activated enyne. 
The catalyst initiation of the metal bis(amides) with piperidine was shown to be reversible and 
the equilibrium constant solvent dependent. Novel calcium and strontium dialkyl complexes 
[M{CH(SiMe3)2}2(THF)2] (M= Ca, Sr) were used to overcome the problem of catalyst 
initiation and showed a different solvent dependence. An enhanced reactivity was found for 
the dialkyl complexes compared to the metal bis(amides). This increased reactivity allowed 
the application in new reactions such as the C-F activation of fluorobenzenes. 
Furthermore, the use of these catalytic systems was successfully extended to intramolecular 
hydroalkoxylation reactions of alkynyl alcohols in the formation of five- and six-membered 
enol ethers. In this case, [Ba{N(SiMe3)2}2]2 displayed significant reactivity although the 
“catalyst of choice” for these reactions proved to be strongly dependent on substrate 
substitution pattern. Through detailed kinetic studies the catalyst, substrate and temperature 
dependence of the cyclisation reaction were established and an unusual rate law with inverse 
substrate dependence proposed.  
6 
 
  
7 
Contents 
 
I.  Introduction ..................................................................................................................... 11 
1. Characteristics of heavier Group 2 metals (Ca, Sr, Ba) .................................................... 11 
2. Heavier Group 2 compounds ............................................................................................ 14 
3. Application of heavier Group 2 metals in catalysis .......................................................... 28 
II.  Results and Discussion .................................................................................................... 43 
4. Intermolecular hydroamination of styrene derivatives ..................................................... 45 
4.1 Comparison of alkaline earth catalysts for the hydroamination of styrene derivatives ......... 47 
4.2 Scope of styrene derivatives and amines ............................................................................... 53 
4.3 Kinetic studies ....................................................................................................................... 61 
4.4 Solvent variation .................................................................................................................... 78 
5. Hydroamination of dienes ................................................................................................. 88 
5.1  Hydroamination of isoprene and myrcene............................................................................ 90 
5.2 Application of more complex dienes and 1-pentene ............................................................. 94 
6. Hydroamination of activated alkynes and enynes............................................................. 99 
6.1 Intermolecular hydroamination of activated alkynes ............................................................ 99 
6.2 Intermolecular hydroamination of but-3-en-1-ynylbenzene ................................................ 104 
7. C-F activation .................................................................................................................. 106 
7.1 Stoichiometric C-F activation in hexa- and pentafluorobenzene ........................................ 107 
7.2 Attempts towards catalytic C-F activation .......................................................................... 111 
8. Intramolecular hydroalkoxylation of alkynyl alcohols ................................................... 117 
8.1 Application of heavier alkaline earth complexes and reaction scope .................................. 119 
8.2 Kinetic studies ..................................................................................................................... 128 
III Conclusions and future work ....................................................................................... 137 
9.1 Conclusions ......................................................................................................................... 137 
9.2 Future work ......................................................................................................................... 139 
IV. Experimental part ......................................................................................................... 142 
10. General ............................................................................................................................ 142 
11. Experimental procedures................................................................................................. 147 
V. Supplement .................................................................................................................... 173 
VI References ...................................................................................................................... 179 
  
8 
 
  
9 
Abbreviations 
Ae Alkaline earth 
BIAN Bis{2,8-(2,6-di-isopropylphenylimino)}acenaphthalene 
tBu tert-Butyl 
nBu Normal butyl 
bp Boiling point 
boc tert-butyloxycarbonyl 
BOX Bisoxazoline ligand 
Car Aromatic carbon 
COD 1,5-Cyclooctadiene 
conc. Concentrated 
Cp Cylcopentadiene 
Cp* tetra-Methyl cyclopentadiene 
Cp’’ [1,2,4-(Me3C)3C5H2] 
Cq Quaternary carbon 
Cy C6H11 
dd  Doublet of a doublets 
DME Dimethylether 
DMF Dimethylformamid 
EI Electron ionisation 
ESI Electrospray-ionisation 
Eq. Equation 
Equ. Equivalent 
Et Ethyl 
GPC Gel permeation chromatography 
h Hour 
HRMS High resolution mass spectroscopy 
k Rate constant 
KHMDS Potassium hexamethyldisilazane 
L Ligand 
Ln Lanthanide 
M Molar 
Me Methyl 
NacNac {(2,6-di-iso-propylphenyl)NC(Me)CH C(Me)N(2,6-di-
iso-propylphenyl)} 
min Minute 
Ph Phenyl, C6H5 
pip Piperidine 
iPr Isopropyl 
RT Room temperature 
sat. Saturated 
t  time 
T Temperature 
ToM tris(4,4-dimethyl-2-oxazolinyl)-phenylborate) 
TOF Turn over frequency 
THF Tetrahydrofuran 
TM Transition metal 
TMEDA tetra-Methylendiamine 
TMS tri-Methylsilyl 
 
10 
 
Chapter I: Introduction  11 
 
I.  Introduction 
1. Characteristics of heavier Group 2 metals (Ca, Sr, Ba) 
1.1 General 
Although structural understanding of heavier alkaline earth coordination complexes (Ae = Ca, 
Sr, Ba) has advanced in recent years, the development of a useful and widely applicable 
chemistry is still in its infancy.1,2 This is in strong contrast to related magnesium-based 
compounds, which are used as standard stoichiometric reagents in organic synthesis.3 The 
“heavy Grignards”, based upon the elements below magnesium in Group 2 of the periodic 
table, were only developed very recently (Chapter 2.3). The reason for this imbalance is that 
on descending the group the ionic radii of the elements increase in combination with a 
decrease in their Pauling electronegativities. Due to this trend, magnesium shows a degree of 
covalency in its compounds, whereas higher homologues are characterised by effectively 
ionic and non-directional interactions. The corresponding coordination and organometallic 
complexes of heavier Group 2 metals are highly labile, which makes their synthesis and 
characterisation very challenging. The chemistry of the heavier Ae metals is defined by facile 
Schlenk-type redistribution processes in solution, which are enhanced with increasing radius 
and electropositive character of the metal centre (Scheme 1). Due to this, many simple Ae 
compounds take the form of ill-defined oligomeric or polymeric species. 
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L
L
X
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X
+ M
L
L
R
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M = Mg, Ca, Sr, Ba X = σ-bonded reactive substituent
L = solvent or Lewis base R = monoanionic spectator ligand
 
Scheme 1. Schlenk equilibrium. 
The successful synthesis of heavier alkaline earth metal complexes provides several 
challenges. The discrepancy between the non-reactive metal itself and the extremely high 
reactivity of the organometal compounds makes their direct synthesis difficult. The metal has 
to be activated prior to use via co-condensation of the metal vapour or by finely dividing 
metal powder. To avoid side reactions, such as ether cleavage,4 syntheses are often carried out 
at low temperature. Another major problem is the poor solubility of these complexes, which 
show salt like behaviour caused by ionic bonding situations. However, bulky and lipophilic 
substituents at the periphery of the molecule or coordination to Lewis bases such as ethers 
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(THF, DME, [18]crown-6) can promote solubility. The use of substituents such as phenyl and 
trimethylsilyl groups has been shown to be successful in not only solubilising these species, 
but also in the enhanced stabilisation of the carbanion.5-9 
It has been established that the reactivity and coordination behaviour of heavier alkaline earth 
metals is similar to the 4f-metals. Lanthanide complexes are d0-species with a limited radial 
extension of their f-orbitals. Therefore orbital factors do not affect their behaviour as much as 
in transition metal chemistry. For complexes of the heavier alkaline earth metals, their 
bonding and structures are mainly determined by electrostatic and steric factors. Further 
features common to both groups include the large ionic radii and the availability of a single 
common oxidation state. Alkaline earth metals are normally found as M2+-compounds, 
whereas the most stable oxidation state of the lanthanides is +3. This lack of various oxidation 
states precludes oxidative addition and reductive elimination as a possible mechanistic 
pathway in organolanthanide and alkaline earth catalysis. The reactivity patterns of these 
complexes are rather dominated by alkene insertion into polar (largely ionic) Ln–X (X = C, 
N) bonds and σ–bond metathesis. These two reaction steps explain a vast number of 
lanthanide-mediated catalytic reactions.  
Some lanthanide ions, however, are also accessible in the oxidation states +2 and +4, such as 
Ce4+(f0), Sm2+(f0), Eu2+(f7), Tb4+(f7) and Yb2+(f14). When comparing the ionic radii of the 
bivalent lanthanides with the alkaline earth ions, pairs with almost identical radii can be found 
(Table 1).  
Table 1. Comparison of the ionic radii of the Ae2+ ions and stable Ln2+ ions. 
Ion Mg2+ Ca2+ Yb2+ Sr2+ Sm2+ Eu2+ Ba2+ 
IR in Å 
(CN)10 
0.72 (6) 1.00 (6) 1.02 (6) 1.21 (7) 1.22 (7) 1.20 (7) 1.35 (6) 
IR = Ionic radii, CN = coordination number. 
These similarities in ionic radii lead to analogous compounds with similar properties. The pair 
Ca2+ / Yb2+, for example, forms isomorphous crystal structures with almost identical cell 
constants and result in nearly identical IR and NMR spectra.11 The same can be said when 
comparing Sm2+ compounds with Sr2+ analogues.12 Although many structural analogies can 
be found between these M2+-ion pairs, it has to be pointed out that the Ln2+-complexes are one 
electron reductants13 and therefore react in a distinctively different way to M2+-compounds of 
the alkaline earth group. 
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1.2 σ-Bond metathesis and insertion reaction mechanism 
As already mentioned, the chemistry of lanthanide-mediated reactions is dominated by 
insertion and σ-bond metathesis mechanisms. These two fundamental pathways followed by 
trivalent Ln-organometallics are illustrated in the general catalytic cycle shown in Scheme 2 
(left). The potential reaction pathways of heavier alkaline earth organometallics are also 
insertion (A) and σ-bond metathesis (B) (Scheme 2, right). 
L2M-X
M XL
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M X
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X Y
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M = Ae
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Scheme 2. General catalytic cycle for Ln3+-catalysts (left) and Ae2+-catalysts (right) involving insertion mechanisms (A) and 
σ-bond metathesis (B). 
Substrates with π-systems can undergo insertion into the M-X σ-bond (e.g. X= H, N, P, Si). 
Application of these species in hydroamination, hydrophosphination or hydrosilylation could 
be developed out of this characteristic reactivity (vide infra). The outcome of the σ-bond 
metathesis is dependent upon the polarisation of the σ-bond. The two possible pathways are 
illustrated in Scheme 3. 
LAe-X1 + X2-H LAe-X2 + H-X1
LAe-X1 + X2-H LAe-H + X2-X1
X2 = NR2, PR2, AsR2, OR, OH, SeR, TeR, CCR
X2 = SiH2Ph, SiHPh2, BR2
(1)
(2)
 
Scheme 3. σ-Bond metathesis of heavier Group 2 compounds. 
The reaction (1) may be considered to be a deprotonation and should occur if pKa(X2-H) < 
pKa(X1-H). Although this does not take into account the complexity of reaction that occurs 
within the coordination sphere of Group 2 organometallic reagent, where both polarisation 
and stereoelectronic effects may have important roles. The σ-bond metathesis will tentatively 
yield an alkaline hydride species in the case compounds with a hydride source are reacted 
with the Group 2 catalyst, e.g. silanes or boranes (Reaction (2)). 
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Barrett et al. were able to prove that for certain systems the metathesis can be reversible.14 
They studied the reaction of the heteroleptic β-diketiminate stabilised calcium amide 
[{ArNC(Me)CHC(Me)NAr}Ca{N(SiMe3)2}(THF)] 1a (= [(NacNac)Ca{N(SiMe3)2}(THF)] 
with benzylamine, for which they found that the protonolysis (σ-metathesis) is only 
incompletely taking place (Scheme 4). 
Ar N N Ar
Ca
(SiMe3)2N
+ 2 H2NCH2Ph 2HN(SiMe3)2 2THF
Ar
N
N
Ar
Ca
Ar
N
N
Ar
Ca
N
N
1a 2
+ +
d8-toluene
Ar = C6H3iPr2-2,6
H
H
Ph
Ph
THF
2
 
Scheme 4. The reversible protonolysis (σ-metathesis) of the catalyst 1a and benzylamine.14 
The reaction was monitored by 1H NMR spectroscopy with tetrakis(trimethylsilyl)silane as an 
internal standard. When heating the reaction to 80 °C for 12 h followed by cooling to room 
temperature, no effect on the position of the silylamide/benzylamide equilibrium was 
observed. Variable temperature 1H NMR studies were consistent with the formation of a 
dynamic equilibrium. It was also found that at high temperature the starting material is 
favoured, which means that with decreasing temperature the formation of the calcium 
benzylamide 2 is increasing. In contrast, the amines 2,6-diisopropylaniline, diphenylamine or 
2-methoxyethylamine reacted with the calcium amide 1a very rapidly to give the 
corresponding amide products (vide infra). It was proposed that the improved thermodynamic 
stability of these calcium amides effectively drives the reaction to completion. 
 
2. Heavier Group 2 compounds 
2.1 Molecular hydride and halogen compounds 
 
Transition metal hydride complexes are common and used widely in catalytic processes.15 
Significant progress has also been made in the study of hydride complexes of the 
lanthanides.16,17 In contrast s-block molecular hydrides are much less well documented. 
Reasons for this are the relatively small bond energies involved which can lead to facile 
ligand exchange reactions and the formation of ligand free metal hydrides. The very high 
lattice energies for early main-group metal hydrides result in immediate precipitation of 
[MHX]n. Harder and co-workers reported the first synthesis and characterisation of a well-
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defined soluble calcium hydride complex in 2006.18,19 The simple σ-bond metathesis between 
the β-diketiminate stabilised amide 1a with phenylsilane yielded the dimeric hydride 3 
(Scheme 5). 
Ar
N
N
Ar
Ca
N(SiMe3)2
THF
2 + 2 PhSiH3
- PhSiH2-N(SiMe3)2
Ar = 2,6-diisopropylphenyl
Ar
N
N
Ar
Ca
H
H
Ar
N
N
Ar
Ca
THF
THF
hexane, 60 °C, 1h
3
1a
 
Scheme 5. Formation of the dimeric β-diketiminate supported Ca-Hydride complex 3.18,19 
The author claimed that the complex 3 is remarkably stable and that even after reflux in 
benzene no Schlenk redistribution towards the homoleptic complex [L2Ca] and [CaH2]n was 
observed. Soon after this initial report, it was shown that a series of C=O, C≡N and C=C 
double bonds are able to insert into the calcium hydride bond to yield new heavier alkaline 
earth metal complexes.20,21 Three examples are shown in Scheme 6. 
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O
O
Ar
N
N
Ar
Ca
R1
R1
R2
R2 Ar
N
N
Ar
Ca
THF
R1 R2
O
2
N Ph
2
 
Scheme 6. Reaction of the molecular calcium hydride 3. 
Another highly relevant application of the hydride species 3 is the recently published 
synthesis of molecular calcium amidoboranes, which dissolve well in apolar solvents 
(Scheme 7).22 As a potential hydrogen storage material, its properties towards hydrogen 
elimination have been explored. Different decomposition routes dependent on the steric bulk 
of the amidoborane substituents were found. Relatively small substituents (R= H, Me, iPr) 
yielded dimeric complexes with a bridging {RN-HB-N(R)BH3}2- ion after elimination of one 
molecule of hydrogen, whereas larger substituents (R= 2,6-di-isopropylphenyl) form a 
monomeric complex with a borylamide anion {H2B=NR}-.23 
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N
(THF)n
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Scheme 7. Synthesis of defined amidoborane complexes. 
CaF2 is not “synthetically available” to organometallic chemists due to its poor solubility in 
common organic solvents. Liu et al. synthesised the first soluble CaF2 complex 
[(Cp*TiF2)6CaF2(THF)2], where CaF2 is trapped in a soluble organometallic matrix.24 The 
bulkiness and strong donor ability of the β-diketiminate ligand made it also possible to isolate 
molecular calcium and strontium fluoride via the transmetallation of [LM-N(SiMe3)2THF] 1a 
with Me3SnF (Scheme 8).25-27 The compounds are exceptionally soluble in organic solvents 
and therefore have among other uses, potential application in CaF2 coating. Whereas the  
Ca-F derivative is stable towards ligand redistribution (vide infra) the strontium fluoride 
complex tends to rearrange in non coordinating solvents slowly to form [L2Sr] and [SrF2]n.25 
Ar
N
N
Ar
M
N(SiMe3)2
THF
2 + 2 Me3SnF
- [Me3Sn-N(SiMe3)2]
Ar = 2,6-diisopropylphenyl
Ar
N
N
Ar
M
F
F
Ar
N
N
Ar
M
THF
THF
THF, RT
1a M =Ca, Sr
 
Scheme 8. Synthesis of the molecular fluoride complex of calcium and strontium. 
A similar methodology was employed to yield the heavier alkaline chlorides.25 Sarish et al. 
recently described the synthesis of molecular calcium and strontium iodide. These complexes 
were isolated by reacting the β-diketiminate ligand precursor and one equivalent of 
[KN(SiMe3)2] with CaI2 or SrI2 at room temperature.28 It was possible to obtain X-ray 
crystallographic analysis of the strontium iodine complex; however no studies of the 
behaviour towards the Schlenk equilibrium were described. 
 
2.2 Alkyl compounds 
Alkyl substituted heavier alkaline earth complexes are highly reactive and unstable. In order 
to stabilise the very reactive carbanions of these compounds, the use of alkylsilyl or benzyl 
substituents is often necessary to obtain complexes, which can be isolated and are 
manageable. Alkylsilyl and phenyl groups reduce the nucleophilicity of the counter anion due 
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to negative hyperconjugation and mesomeric effects. The first solvent-free alkyl compounds 
of Group 2 metals have been isolated by reaction of the extremely bulky potassium 
tris(trimethylsilyl)methanide with CaI2 (Scheme 9).29 
2 [K-C(SiMe3)3] + CaI2
benzene
- 2 KI
CaSi
Si Si
Si
Si
Si
 
Scheme 9. Synthesis of solvent-free calcium tri(trimethylsilyl)methanide. 
The calcium tris(trimethylsilyl)methanide has a bent C-Ca-C fragment with an associated 
angle of 149.7(6)° in the solid state. High level ab initio calculations have shown that 
dimethylcalcium is a quasi linear molecule. Therefore it was concluded that the bent 
arrangement of the C-Ca-C unit results from packing effects in the crystal as well as agostic 
interactions between the calcium cation and the methyl groups. Similar complexes of 
strontium and barium were synthesised. The larger coordination numbers around these metals 
are compensated for by substitution of one of the methyl groups by a chelating methoxy group 
(Scheme 10).8 
2 [K{C(SiMe3)}2(SiMe2OMe)] MI2
THF/L
- 2 KI
M
Si
Si
Si O
Si
Si
Si
+
O
L
M(L) = Sr(THF), Ba(DME)
 
Scheme 10. Synthesis of chelate stabilised methanide compounds of strontium and barium. 
 
Extremely sterically demanding tris(organylsilyl)methyl ligands are used in the strontium and 
barium examples. However, these coordination compounds have proved to be of little use in 
further synthesis or catalysis. In 1991 Cloke et al. synthesised the calcium dioxane adduct of 
bis(trimethylsilyl)methanide via metal vapour synthesis which is a rather specialised 
technique.30 Initially experiments to develop a standard synthesis in benzene by salt 
metathesis of CaI2 with [K{CH(SiMe3)2}] failed as irrespective of alteration of reaction 
stoichiometry the metalate K[Ca{CH(SiMe3)2}3] was isolated.31 However, in 2008 Crimmin 
et al. managed to synthesise the desired product as a crystalline solid by performing the 
reaction in THF. 32 Not only was the calcium derivative isolated, but the reaction could also 
be extended to synthesise the strontium and barium compounds (Scheme 11). 
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2 [K{CH(SiMe3)2}] + MI2
THF, RT, 14 h
- 2 KI
MMe3Si
Me3Si SiMe3
SiMe3
(THF)n
M(n) = Ca(2) 4a
Sr(3) 4b
Ba(3) 4c
 
Scheme 11. Synthesis of heavier alkaline earth bis(trimethyl)methanides. 
The compounds obtained are highly moisture and air-sensitive making a storage at -20 °C 
essential. The high reactivity of 4 has been demonstrated by reacting with a diimine ligand 
precursor to form either the expected heteroleptic β-diketiminate alkyl (M = Ca) or unusual  
C-H activation products in which a methyl group of the ligand is deprotonated (M = Sr or 
Ba).33  
 
The second successful way of stabilising highly reactive Group 2 alkyls is via benzyl groups. 
A range of different dibenzylcalcium complexes have been synthesised via metathesis of in 
situ generated benzylpotassium and CaI2 (Scheme 12).6,34-37 These strongly basic compounds 
are useful precursors for the formation of new calcium complexes and can be used as catalysts 
in the living polymerisation of styrene (vide infra). 
CaI2
THF, -78 °C
- 2 KI
+
R3
R
R1
K
R2 R3
R
R1
Ca(L)n
R2
2
R = H, SiMe3, PPh2 R1 = H, SiMe3
R2 = H, NMe2 R3 = H, tBu
2
 
Scheme 12. Synthesis of homoleptic dibenzyl calcium. 
 
Harder et al. also synthesised and studied heteroleptic benzylcalcium compounds for 
application in the living and stereoselective polymerisation of styrene.9 One of the challenges 
was to direct the Schlenk equilibrium to the heteroleptic side. This was realised by using large 
spectator ligands such as 9-Me3Si-fluorene or C5Me4Et to disfavour the homoleptic L2M 
species by steric congestion. The metallation of 9-Me3Si-fluorene with the homoleptic benzyl 
compound [(THF)2Ca{CH(SiMe3)C6H4-2-NMe2}2] (Scheme 13) or the disproportionation of 
the latter with [Ca(C5Me4Et)2] yielded the desired heteroleptic complex.9,38 In both cases 
dimeric molecules were isolated with the methylene moieties of the benzyl ligands in a 
bridging position between the two calcium atoms.  
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benzene, 20 °CN
CH
Ca(THF)2
SiMe3
CH
N
Me3Si
2
H SiMe3
2
NMe2
CH2SiMe3
- 2
N
CH
Ca
SiMe3
Me3Si SiMe3
N
CH
Ca
Me3Si
 
Scheme 13. Synthesis of heteroleptic benzylcalcium compounds. 
Carbene complexes of heavy alkaline earth metals are expected to form rather weak 
complexes because these electropositive metals are unable to form significant back bonding to 
the carbon atom. Therefore carbene ligands, as pure σ-donors, can dissociate in solution. The 
first well characterised carbene adduct was reported by Arduengo et al. by reacting Cp*2M 
(M= Ca, Sr, Ba) with tetramethylimidazol-2-ylidene. Stable adducts were formed, which were 
characterised in the solid state and solution.39 Barrett et al. were able to synthesise the N-
heterocyclic carbene adducts of solvent-free [M{N(SiMe3)2}2]2 (M = Ca 5a, Sr 5b, Ba, 5c). 
The  reaction of the imidazolium salt or the free carbene with one or two equivalents of the 
metal amide yielded the carbene adducts as moisture-sensitive, colourless crystalline solids 
(Scheme 14).40 Although multinuclear NMR experiments suggest this coordination is retained 
in solution, reaction with protic substrates such as 2-methoxyethylamine and diphenylamine 
demonstrates the liability of the N-heterocyclic carbene under catalytically relevant 
conditions. 
N
N
Ar
Ar
Cl-
N
N
Ar
Ar
N
N
Ar
Ar
M
(Me3Si)2N
N(SiMe3)2
2 [M{N(SiMe3)2]2
-"Ca{N(SiMe3)2}Cl"
- HN(SiMe3)2
[M{N(SiMe3)2]2
M = Ca, Sr, Ba
Ar = mesityl, 2,6- diisopropylphenyl
 
Scheme 14. Synthesis of N-heterocyclic carbene adducts of the heavier Group 2 bis(trimethylsilyl)amides. 
 
2.3 Aryl and alkynyl σ-bonded compounds 
 
The first reports on the synthesis of phenylcalcium halides date back to 1905. However, the 
results of these initial studies were conflictive and the characterisation was, in general, 
poor.41,42 Since this time more effort has been made to control the synthesis and structure of 
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these synthetically challenging species. The direct synthesis of aryl halides of Group 2 metals 
have been reported by various methods.43-47 A general synthesis has been developed only 
recently by Westerhausen and co-workers, who also studied in detail the stability of aryl 
calcium halides formed (Scheme 15).4,48-51 The synthesis was carried out at temperatures 
lower than 30 °C, in THF and with activated calcium metal (Ca*). 
R R
R1
X
+ Ca*
R
R
R1 Ca X
THF, T < 30 °C (THF)4
R = H, Me
R1 = H, Me, Hal, OMe
X = I, Br
 
Scheme 15. Synthesis of arylcalcium halides. 
It was found that the arylcalcium halides must be handled at low temperature in order to avoid 
reaction with THF. At higher temperatures ether cleavage reactions lead to complete 
decomposition of THF yielding aryl-free cage compounds.4 Several functional groups can be 
tolerated in the para-position of the aromatic precursor, whereas halogen atoms in ortho-
positions initiate decomposition. The yields are strongly dependent on the halogen atoms. 
Iodoarenes and bromoarenes gave good yields but no reaction was observed with 
chloroarenes. The synthetic routes are so far limited to aryl groups as alkyl halides tend to 
undergo Wurtz-coupling. Many of these compounds exist in a Schlenk equilibrium. 
Interestingly, it has been shown that the Schlenk equilibrium of [Ca(Ar)I] can be shifted 
quantitatively in favour of soluble [CaAr2] by addition of stoichiometric amounts of 
[K(OtBu)].52 
 
As shown, the majority of studies have been concentrated upon calcium aryl compounds. The 
chemistry of strontium analogues is much less explored. Langer et al. very recently 
investigated the stability and reactivity of phenylstrontium compounds in solution
(Scheme 16).53 
I + 2 Sr* SrI2 SrPh2 + SrI2
THF2
 
Scheme 16. Synthesis and Schlenk equilibrium of phenylstrontium. 
It was found that arylstrontium compounds exhibit an even greater solubility in THF than 
arylcalcium analogues.52 The equilibrium shown in Scheme 16 is simplified as NMR studies 
at temperature below -50 °C showed that there are more species participating in this Schlenk 
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distribution. This and observed α-deprotonation of THF lead to a failure in obtaining crystals 
suitable for X-ray analysis using THF as solvent. However, three different species could be 
isolated by crystallisation out of tetramethylethylenediamine (TMEDA). The main product 
was crystals containing A (85%) and B (15%) originating from a fragmentation of TMEDA 
(Scheme 17). This contrasts to arylcalcium iodide, where a similar reactivity towards 
TMEDA is not observed.  
Sr SrN
N
N N
N
N
I
Sr
I
SrN
N
N N
N
N
I
A B
 
Scheme 17. TMEDA stabilised phenylstrontium. 
The author noticed that aryl groups favour bridging positions in organostrontium compounds, 
which leads to the observed multinuclear derivatives. In contrast organocalcium complexes 
contain terminally bound phenyl groups, which makes the isolation of mononuclear [Ph2Ca] 
possible.53 
 
Alkenyl compounds of heavier Group 2 metals have been under investigation for many 
decades. The first studies were conducted by Gilman and Woods, who investigated the 
reactivity of bis(diphenylethynyl) alkaline earth metals towards benzonitrile.54 Heteroleptic 
and homoleptic Group 2 bis(trimethylsilyl)amides react stoichiometrically with terminal 
alkynes to form the corresponding acetylides. Ruhlandt-Senge et al. reacted 
triphenylsilylacetylene with [M{N(SiMe3)2}2]2 in the presence of [18]-crown-6 to yield the 
acetylides of calcium, strontium and barium (Scheme 18, (a)).55 A similar procedure was 
employed in the synthesis heteroleptic acetylides. Burkey and Hanusa reacted a Cp-supported 
calcium bis(trimethylsilyl)amide with terminal alkynes (Scheme 18, (b)),56 whereas Barrett et 
al. used a β-diketiminate ligand in order to gain solubility of the metal acetylide (Scheme 18, 
(c)).57,58 
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Scheme 18. Synthesis of ligand stabilised heavier Group 2 acetylides. 
 
2.4 π-delocalised ligands 
 
Bis(cyclopentadienyl)calcium (Cp2Ca) was reported in 1956, however due to its polymeric 
structure it proved to be insoluble in common organic solvents such as ethers or 
hydrocarbons.59 By attaching sterically bulky groups onto the ligand, the solubility and ease 
of manipulation was increased. An effective synthesis of [(Me4Cp)2Ca] is the deprotonation 
of Me4CpH with [Ca{N(SiMe3)2}2]2.60 
Ca+ 4 Me4CpH
toluene, RT
-HN(SiMe3)2
[Ca{N(SiMe3)2}2]2 2
 
Scheme 19. Synthesis of tetramethylcyclopentadiene calcium. 
Avent et al. have synthesised heteroleptic calcium η5-organometallics by reacting β-
diketiminate stabilised calcium bis(trimethylsilyl)amide 1a with CH-acidic Cp-derivatives 
(Scheme 20).61 This methodology was extended by Feil et al. for heteroleptic benzyl 
complexes supported by substituted fluorenyl ligands (vide infra).62 
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Scheme 20. Synthesis of heteroleptic calcium η5-organometallics. 
The chemistry of heavier Group 2 allyl compounds is far less well established. The first 
structurally characterised calcium-allyl compound was reported by Harvey et al. for [Ca{η3-
C3(SiMe3)2H3}2(THF)2], in which the allyl anion is stabilised by bulky ligands and through 
negative hyperconjugation of the silyl moieties (Scheme 21, left).63  
SiMe3Me3Si
SiMe3Me3Si
Ca THFTHF Ca
O
O O
O
 
Scheme 21. Bia(allyl)calcium compounds. 
The product was obtained via salt metathesis between CaI2 and [K{η3-C3(SiMe3)2H3}] in 
THF. Jochmann et al. used the same methodology to synthesise the parent bis(allyl)calcium 
compound and crystallised it as a triglyme adduct (Scheme 21, right).64 This simple 
bis(allyl)calcium is surprisingly stable and soluble in THF, which stands in contrast to the 
decomposition of calcium aryls observed in THF (vide ante). The organocalcium complex is 
highly reactive towards pyridines since its allyl group is selectively transferred to the aromatic 
ring to give 4-allyl-1,4-dihydropyridide calcium (Scheme 22).65 Through NMR studies and 
computational methods, the mechanism of the reaction was studied. The transformation is 
initiated by coordination of pyridine at the calcium centre and subsequent attack by the 
nucleophilic allyl group at the ortho position of the aromatic ring. The final 1,4-insertion 
product is formed in a rate-determining cope rearrangement. Hill et al. reported a similar 
reaction with a magnesium hydride-promoted dearomatisation of pyridine.66 
[Ca(C3H5)2] Pyridine
25 °C
Ca
Py
Py
Py
Py
N
N
 
Scheme 22. Reactivity of bis(allyl)calcium with pyridine (Py). 
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2.5 Nitrogen and phosphorus compounds 
New metal–nitrogen bonds can be formed directly through σ-bond metathesis of the heavier 
group two amides or benzyls with the free amine, given that amines with relatively low pKa 
are employed. For example Ruhlandt-Senge and co-workers reacted [M{N(SiMe3)2}2(THF)2] 
with two equivalents of substituted pyrroles or pyrazoles to obtain the metallated species.67-69 
[M{N(SiMe3)2}2(THF)2] +
E
H
N
R2 R1 N
E
R1
R2
M
N
E
R1
R2
+ 2 HN(SiMe3)2
M = Ca, Sr, Ba E = CH, R2 = CH2NMe2, L = 2 THF
E = N, R1 = R2 = Me, L = 4 pyrazole
L
THF
 
Scheme 23. Synthesis of metalated pyrroles and pyrazoles. 
The reaction of phenyl calcium iodide with diphenylamine yielded the calcium diphenylamide 
complex along with benzene and calcium iodide (Scheme 24). The product is formed after 
Schlenk-like ligand redistribution.70 
Ca
I
THF
THF
THF
THF
Ph
+ 2 Ph2NH
1) THF
2) DME
CaPh2N
O
O
O
OPh2N
+ 2 PhH + 2 CaI2(THF)
 
Scheme 24. Synthesis of DME stabilised calcium diphenylamide. 
Ruspic et al. was able to trap gaseous NH3 with the β-diketimante stabilised calcium 
bis(hexamethyldisilazane) to yield the dimeric primary amide 6 (Scheme 25).26 Analogous to 
the hydride and fluoride complexes (see Chapter 2.1), this compound proved to be 
exceptionally stable towards ligand exchange. The author attributes the extraordinary stability 
of the dimeric compounds LCa(µ-X)2CaL, with X = NH2-, H-, OH- and F- to their structure. 
These small ligands occupy bridging positions and therefore behave as bidentate ligands 
filling two coordination sites of the metal. As the metal is coordinatively saturated, the 
complex is stable towards ligand retribution.  
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Scheme 25. Synthesis of the calcium amide 6. 
In contrast, several similar primary amides are unstable towards the Schlenk equilibrium.57 
The transamination of the primary amines tBuNH2, CyNH2 and PhNH2 with 
[LCa{N(SiMe3)2}THF] 1a gave unidentified products along with the formation of [L2Ca]. 
The only stable heteroleptic complexes were isolated through the reaction of 2,6-iPr2C6H4NH2 
or MeOCH2CH2NH2 (Scheme 26). Avent et al. concluded that the steric demands and/or 
denticity of the ligand is of major importance for the stability of heteroleptic β-diketiminate 
calcium complexes.57  
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Scheme 26. Synthesis of heteroleptic primary calcium amides. 
Westerhausen et al. synthesised a wide range of homoleptic and heteroleptic Group 2 
phosphite complexes by varying substituents at the phosphorus and the reaction 
stoichimetry.71-77 Most notable is the synthesis of [M{P(SiMe3)2}2(THF)n] (Scheme 27).71 The 
heavier alkaline earth complexes are highly reactive towards 1,4-diphenylbutadiyne and result 
in the formation of a series of unusual insertion products dependent on the metal compound 
applied.49,78 
[M{N(SiMe3)2}2(THF)2]
M = Ca, n = 3; Sr, n = 3
Ba, n = 4
+ 2 HP(SiMe3)2
THF, -78 °C RT
[M{P(SiMe3)2}2(THF)n]+ 2 HN(SiMe3)2
 
 Scheme 27. Synthesis of [M{P(SiMe3)2}2(THF)n] of calcium, strontium and barium. 
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2.6 Group 6 compounds 
Alkoxides of heavier alkaline earth metals are particular interesting due to their potential 
application in the synthesis of metal oxides via chemical vapour deposition. A recent example 
is the formation of different calcium aryloxides by reacting [Ca{N(SiMe3)2}2]2 with the 
appropriate phenol (Scheme 28). The compounds were studied as precursors for calcium 
ceramic nanoparticles.79 
+ 4
THF, 12 h, RT
- 4 HN(SiMe3)2
OH
iPr iPr
CaO O
THF
THF
THF
iPr
iPr iPr
iPr
[Ca{N(SiMe3)2}2]2 2
 
Scheme 28. Synthesis of phenoxides of calcium. 
Heavier alkaline earth compounds of sulphur, selenium and tellurium can be synthesised by 
an analogous reaction scheme.80-82 The controlled hydrolysis of the well established β-
diketiminate calcium amide 1a yielded the ligand stabilised, hydrocarbon soluble, calcium 
hydroxide (Scheme 29).19,83 Similar to the calcium hydride and fluoride examples (vide ante) 
a remarkable stability against ligand exchange and formation of [Ca(OH)2]n was observed.  
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Scheme 29. Synthesis of β-diketiminate stabilised Ca/Sr-hydroxide. 
The β-diketiminate-stabilised hydroxy calcium complex only formed an adduct with 
benzophenone, but reacted rapidly with CO2 to give calcium carbonate and the free ligand 
(Scheme 30).19 No data for the intermediates were reported, however calcium carbonate was 
identified by scanning electron microscopy. 
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Ar
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NH N Ar
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Scheme 30. Insertion of CO2 into the metal hydroxy bond. 
Chapter I: Introduction  27 
 
In related studies Westerhausen and co-workers proposed that compounds of the form 
[Ca{N(SiMe3)2}2]2 undergo protonolysis reactions with isopropanol as the initiation step in 
the calcium-mediated polymerisation of l-lactide and ε-caprolactone.84-86 
 
2.7 Subvalent calcium and bimetallic compounds 
Group 2 compounds are considered redox-inert and practically always exhibit the oxidation 
state +2. However, recent work has allowed the identification of metal(I) species, like the 
surprisingly thermally stable Mg(I)-compound, XMg-MgX, with X = (NacNac).87 The Mg-
Mg bond is stabilised by a sterically demanding diimine ligand, a concept seen regularly in 
literature in order to isolate unusual oxidation states. In 2009, Kriek et al. isolated an 
“inverse” sandwich calcium(I) complex by reacting bromo-2,4,6-triphenylbenzene with 
activated calcium (Scheme 31).88 This extremely air- and moisture-sensitive complex shows a 
small Ca-Ca’ angle of 42.79(5) and is paramagnetic with a spin of S =1. The extended 
aromatic ligand has low lying acceptor orbitals with energies between those of the two 
ionisation potentials of Ca0 and Ca+ allowing the synthesis of this unusual calcium(I)-dimer. 
Ph Ph
Ph
Ca*/THF
Ph3C6H2Br (cat.)
Ca
Ca
THF
THF
THF
THF
THF
THF
 
Scheme 31. Synthesis of calcium(I) “inverse” sandwich complex. 
 
Heterobimetallic compounds of calcium have gained interest due to an increased reactivity 
compared to homoleptic compounds.49,89 Herein only two examples of the reaction with 
Group 3 metalates are given. The reaction of [Al{CH2SiMe3}3] with calcium 
bis(trimethylsilyl)amide gave a calcium aluminate complex, in which the amide ligand has 
been partially exchanged with alkyl groups (Scheme 32).90 In contrast the reaction with Et3Ga 
did not produce σ-bond metathesis products but instead gave an adduct of the two metal 
complexes (Scheme 32).91,92 
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Scheme 32. Synthesis of calcium and strontium Group 3 metalates. 
These species are important models in heavier Group 2 σ-bond metathesis and provide 
evidence that reaction occurs via substrate coordination with formation of a four-membered 
metallocyclic intermediate. 
 
3. Application of heavier Group 2 metals in catalysis 
The application of heavy Ae-chemistry is restricted by the lack of suitable and well defined 
heteroleptic species LAe-X (L = spectator ligand, X = reactive σ-bonded substituent). 
Lanthanide chemistry was revolutionised by the widespread use of bulky cyclopentadiene 
(Cp) and related ansa-bridged cyclopentadienyl ligands.93,94 The metals calcium, strontium 
and barium have lower charge density than the lanthanides, so complexes with comparable 
ligands (even bulky ones) undergo solution redistribution equilibria.95 In search of suitable 
ligand systems for the heavier earth alkaline metals, Chisholm et al. were the first to 
synthesise the already mentioned β-diketiminate stabilised calcium amide [LCa{N(SiMe3)2} 
(THF)] 1a and a tris-(pyrazolylborate) stabilised analogue (Scheme 34, left). 96,97 With these 
complexes the ring-opening polymerisation of rac-lactide to form heteroatactic polylactides 
was achieved. These reports represent a breakthrough in heteroleptic heavier Group 2 
chemistry as controlled reactivity at an alkaline earth centre supported by a mono-anionic 
spectator ligand was demonstrated.  
 
3.1 Polymerisation studies 
Group 1 organometallic compounds have a rich history as initiators in living anionic 
polymerisation of slightly activated alkenes such as styrene derivatives, butadiene and 
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isopropene.98 But little is known regarding the use of the heavier Group 2 organometallics in 
anionic polymerisation. The reason for this lies in the poor accessibility, solubility and 
understanding of their structure and chemistry. However, the last decade has seen rapid 
progress in the use of well-defined organo-calcium complexes as polymerisation catalysts.  
 
Application to polar monomers 
In the last decade, polymers of polyoxygenates have received increasing attention due to an 
interest in “green” biodegradable materials for application in medical applications and new 
materials. Furthermore the need for the replacement of polymers based on alkenes for 
materials produced from renewable feedstock is potentially fulfilled by polyoxygenates. 
Westerhausen and Feijen demonstrated that [Ca{N(SiMe3)2}2(THF)2] is extremely efficient in 
the polymerisation of ε-caprolactone, but slow in the l-lactide polymerisation.84,99,100 
Intriguingly, a more controlled l-lactide polymerisation could be initiated by addition of an 
alcohol and therefore in situ formation of a calcium alkoxide functionality. The obtained 
polymer showed a polydispersity as low as 1.03. In addition, isotactic polylactide is formed 
exclusively, which shows that no base-catalysed epimerisation of the chiral carbon-centre 
takes place. Such epimerisation can be observed in early main group catalysed 
polymerisation. A general scheme for the mechanism of calcium-initiated ring-opening 
polymerisation is shown in Scheme 33. 
[Ca]-OR
O
O
O
O
[Ca]-OR
O
O OR
[Ca]
O
O[Ca] OR
O
O
+ n
O
O[Ca] OR
n+1
Scheme 33. General scheme for the calcium-mediated ring-opening polymerisation of cyclic esters. 
Chisholm et al. extensively studied catalysts of the form [LM-OR] in order to develop a 
single site catalyst with Group 2 metals (Mg, Ca).96,97,101-105 Initial studies were focused on the 
use of the β-diketiminate ligand, however it turned out that under the polymerisation 
conditions the ligand was not large enough to protect the calcium centre against aggregation 
and ligand distribution. Application of the tridentate scorpionate complex TptBu-Ca-OR 
(Scheme 34, left) allowed for extremely fast and efficient lactide polymerisation with good 
stereo-control.97 However the polymerisation did not occur in a living fashion, which is likely 
due to the weak ligand-calcium interaction. 
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Scheme 34. Calcium complexes of the scorpi (left) and the salen ligand (right). 
Calcium catalysts based on Schiff base ligands were introduced by Darensbourg et al. 
(Scheme 34, right).106,107 This unsymmetric complex shows excellent activity for the ring-
opening polymerisation of lactide and trimethylene carbonate. Excellent control of this system 
allowed for the synthesis of diblock copolymers of lactide and trimethylene carbonate, which 
represent valuable thermoplastic elastomers for biomedical applications.108 
 
 
Application to activated monomers 
Harder and co-workers studied the application of heavier Group 2 benzyl complexes towards 
the anionic polymerisation of styrene. An interesting set of complexes is shown in Scheme 35. 
Ca
SiMe3
SiMe3
Me3Si
Me3Si
THF THF M
Me2N SiMe3H
NMe2Me3Si H
THFTHF
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Scheme 35: Heavier Group 2 benzyl compounds for the polymerisation of styrene. 
It was found that the kinetically and thermodynamically stabilised complex 7 was not 
nucleophilic enough to initiate the polymerisation of styrene.34 Reduction of Me3Si-
substitution and introduction of an intramolecular chelating Me2N-substituent to compensate 
for the loss of stability yielded a calcium complex, which is active but slow in the living 
polymerisation of styrene (Scheme 35, 8).9 The heteroleptic compound 9a finally showed 
high activity towards styrene polymerisation in cyclohexane and gave a slightly 
syndiotactically enriched polystyrene. 109 By performing the reaction in pure styrene at -20 °C 
further syndiotactic enrichment of the polymer could be achieved. The reason for this was 
Chapter I: Introduction  31 
 
found to be a chain-end inversion (Scheme 36). A similar inversion was demonstrated by VT-
NMR spectroscopy of the chiral benzylic carbon atom in 9a.9  
∗
Ca
Ph PhPh HPh
(re)chain-end
inversion
∗
Ca
Ph PhPh HPh
(si)
∗
Ca
Ph PhPh PhPh
∗
Ca
Ph PhPh PhPh
error
syndiotactic styrene insertion
 
Scheme 36. Chain-end controlled syndiotactic styrene polymerisation. 
Stereocontrol is steered by communication of the chiral end with the pre-coordinated styrene 
monomer. By increasing the bulk of the 9-Me3Si-fluorenyl ligand such a communication 
should be improved. Indeed, by adding bulkiness at the periphery increased control of 
syndioselectivity, even under diluted conditions, was obtained. The best stereocontrol was 
achieved with the calcium complex 9b (r = 95%, rr = 90%).110 It could be shown that 
bulkiness too close to the metal centre and blocking of the coordination site by intramolecular 
chelating substituents, reduces activity towards polymerisation drastically and accelerates 
chain-end inversion. Analogous strontium complexes have been shown to polymerise styrene 
in a living syndioselective fashion.62 The polymerisation is faster, but less selective compared 
to the calcium catalysed reaction. This is likely due to a more ionic and weaker strontium-
carbon bond that causes fast chain end inversion. A switch to barium initiators gave an even 
more atactic polymer.111  
Jochmann et al. recently introduced bis(allyl)calcium as an active initiator for butadiene 
polymerisation and obtained narrow molecular weights (PD = 1.15).64 The 1,2-
polybutadiene/1,4-polybutadiene and 1,4-cis-polybutadiene/1,4-trans-polybutadiene ratios are 
0.92 and 0.81, respectively. 
 
3.2 Intramolecular hydroamination 
Many naturally occurring compounds and biologically active molecules contain amine 
functionalities. The importance of amines is further highlighted when looking at their 
numerous industrial applications. Amines are commonly used as solvents and additives in 
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pharmaceuticals or bactericides. The classical methods for their synthesis include the 
transformation of alcohol or alkyl halides into amines, reductive amination of carbonyl 
compounds and amino alkylation. The reduction of amides, nitriles, azides or nitro 
compounds and the Ritter reaction are also common methods of producing amines. All these 
routes require refined starting materials and produce undesired side products. 
An attractive and atom efficient way of synthesising amines would be via hydroamination, the 
formal addition of an N-H bond across a C-C double or triple bond (Scheme 37). Such a 
transformation would be 100% atom-economical and waste-free. The addition can lead to 
Markovnikov or anti-Markovnikov regioisomers. 
+ H NR2
catalyst
R
NR2
R
NR2H
H
anti-Markovnikov Markovnikov
+R
 
Scheme 37. The hydroamination of alkenes or alkynes. 
Terminal alkenes or alkynes are readily available and inexpensive. The hydroamination is 
also thermodynamically feasible (∆G ≈ - 14 kJ∙mol-1, for the addition of NH3 to ethane).112,113 
However, the reaction is not spontaneous due to a high activation barrier caused by an 
electrostatic repulsion between the nitrogen lone pair of the approaching amine and the π-
bond of the electron-rich olefin. Furthermore, relatively low reaction temperatures (generally 
≤ 200 - 300 °C) are required, because the conversion is limited by the reaction equilibrium at 
higher temperatures.114 The application of catalysts can overcome these difficulties and make 
the direct addition of H-NR2 to alkenes or alkynes under mild conditions possible. While 
mostly alkali115 and f-block catalysts116-119 were used in early studies, the focus has shifted 
recently to the use of zirconium,120 titanium,121,122 and late transition metal catalysts.123-126  
In 2005, Crimmin et al. reported the intramolecular hydroamination of a number of 
aminoalkenes catalysed by 1a,127 which was expanded by further studies to the use of the 
magnesium complex 10 (Scheme 38).128 The reaction proceeds in high yield under mild 
conditions (25 - 80 °C) allowing the synthesis of pyrrolidines, piperidines and 
hexahydrodoazepines by cyclisation of the corresponding aminoalkenes (Scheme 38, n = 1, 2 
or 3). At higher temperatures, these reactions were found to go along with the Schlenk-like 
solution redistribution of 1a forming [L2Ca] and [Ca{N(SiMe3)2}2]2. This work set a 
precedent for heterofunctionalisation catalysis at heavier Group 2 metal centres. 
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Scheme 38. Reaction Scope of calcium- and magnesium-mediated intramolecular hydroamination of aminoalkenes. 
These initial studies were extended by Hill,128-133 Roesky,134-136 Harder137 and Sadow138 
applying alternative ligand systems such as triazenide, tris(imidazolin-2-ylidene-1-yl)borate, 
aminotroponate or aminotroponiminate. The latter ligand shows in most instances slightly 
reduced reactivity compared to the β-diketiminate complex. However, Datta et al. succeeded 
to hydroaminate an aminoalkyne and the internal (activated) alkene trans-1-amino-2,2-
dimethyl-5-phenyl-4-pentene.135 Recently, the conversion of internal aminoalkenes has also 
been reported for the application of the β-diketiminate complexes.133 Homoleptic 
[M{N(SiMe3)2}2]2 (M = Ca, Sr) are not active in the cyclisation of 1-amino-4-pentene, 
however substrates baring substituents in the alkene chain are converted efficiently.133,137 
The mechanism proposed for the hydroamination catalysed by heavier Group 2 metals 
(Scheme 39) is similar to that observed in the lanthanide-mediated ring closure of 
aminoalkenes and have been supported by several observations.128  
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Scheme 39. Catalytic cycle for the intramolecular hydroamination of aminoalkenes 
The first step involves a σ-bond metathesis between the catalyst LM-X1 and the primary 
amine. Dependent on the nature of the metal and the basicity of the amine, the catalysts 
initiation is generally fast, but dependent upon the acidity of the conjugated acid (e.g. CH4 
versus HN(SiMe3)2) generated by the protolytic initiation step, non-reversible or reversible.33 
In the second step the intramolecular insertion of the alkene into the M-N bond occurs. This is 
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usually the rate-determining step as it involves a highly ordered metallo-cyclic transition 
state, which yields the more stable primary alkyl metal species regioselectively. These species 
are highly reactive and cannot be isolated. However, deuterium labelling studies could prove 
their formation as intermediates.128 Reaction of a second equivalent of aminoalkene yields the 
hydroamination product and recovers the catalytically active species. In case the 
coordinatively saturated complex ToMMgMe (ToM = tris(4,4-dimethyl-2-oxazolinyl)-
phenylborate) is used as precatalyst it has been shown, that a second substrate molecule has to 
be present in the insertion transition state to yield the cyclisation product.138 A concerted, 
turn-over limiting C-N and C-H bond formation was proposed via a two-substrate, six-centre 
transition state. A similar scenario was also proposed for the cyclisation/hydroamination 
mediated by coordinative more open bis(amide) calcium and strontium catalysts as kinetic 
isotope effects as high as 4.5 were measured indicating the involvement of an additional 
molecule of amine within the coordination sphere of the metal during the rate-determining 
insertion step.133 
It has been found that the cyclisation of 2,2-disubstituted 1-amino-5-hexene catalysed by the 
calcium amide 1a is accompanied by alkene isomerisation. Such a side reaction can be 
envisioned as intramolecular deprotonation at the allylic position and subsequent protonation 
at the terminal carbon nucleus (Scheme 39). Application of the less reactive magnesium 
complex can avoid isomerisation routes.  
 
The following conclusions can be drawn for the intramolecular hydroamination of 
aminoalkenes: I. Consistent with Baldwin’s guidelines for ring formation,139 conversion rates 
increase with decreasing ring size: 7< 6< 5. II. Substituents on the aminoalkene have a drastic 
influence on reactivity. Groups at the terminal alkene shut the reactivity down, whereas 
substituents on the internal alkene are allowed. Large germinal rests in the alkane bridge 
increase the cyclisation rate by the Thorpe-Ingold effect.140 III. Calcium is more reactive than 
magnesium. However, the robustness of magnesium catalysts over calcium and strontium 
complexes is an advantage over the latter. Even at high temperatures no ligand exchange and 
formation of inactive homoleptic metal species is observed. Arrowsmith et al. recently 
investigated different precatalysts in Group 2 catalysed aminoalkene hydroamination and 
found that the precise course of each catalytic reaction may be influenced by judicious 
selection of both reactive and supporting (e.g. THF or β-diketiminate) ligand environments.133 
Chiral bisoxazolide and β-diketiminate calcium complexes were developed in order to 
perform the intramolecular hydroamination reaction enantioselectivly.141 The compounds 
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were only active for the most reactive aminoalkene H2C=CHCH2CPh2CH2NH2 (H2NR’) and 
resulted in a very low enantiomeric excess (5-10% ee). In very recent studies, Neal et al. 
achieved the cyclisation of three 2,2-disubstituted aminoalkenes mediated by tri(oxazolinyl)-
borate magnesium and calcium compounds with a slightly improved selectivity of up to 36% 
ee.142 It was reasoned that the active species [L*Ca-NHR’] undergoes Schlenk-like 
redistribution towards the homoleptic compound, so that the chiral information is lost in the 
inactive complex [(L*)2Ca]. 
 
3.3 Intermolecular hydrophosphination 
The addition of the P-H functionality to a multiple bond is an atom efficient and an attractive 
method for the synthesis of a variety of phosphines that are important ligands in transition 
metal catalysis. Crimmin et al. have developed a procedure for alkene hydrophosphination.143 
The proposed mechanism is similar to that of the described hydroamination of aminoalkenes. 
So far only activated alkene substrates or internal acetylenes can be transformed to 
phosphines (Table 2). Despite the precedent in lanthanide(III) chemistry for the intermediate 
species to initiate the polymerisation reaction,144 oligomeric and polymeric reaction by-
products were not reported. More sterically hindered alkenes such as α-methylstyrene or 
stilbene did not undergo hydrophosphination.  
Table 2. Reaction scope of intermolecular hydrophosphination of activated alkenes with HPPh2. 
Substrate Product T / °C t / h conv. / % 
PhHC CH2
 Ph
PPh2
 
75 2 95 
 
Ph2P
 
75 24 78 
 
Ph2P Ph2P
+
(79) (21)
 
25 24 95 
Ph Ph
 Ph2P
Ph Ph Ph
Ph2P Ph
+
(98) (2)
 
25 13 94(b) 
(a) Reaction conditions: 10 mol% catalyst of [LCa{N(SiMe3)2}(THF)] 1a in d6-benzene. 
(b) 20 mol% catalyst were used. 
It was found that the catalyst initiation is much slower in the hydrophosphination compared 
with hydroamination.143 Interestingly, a stoichiometric reaction of 1a and a 1:1-mixture of 
HNPh2 and HPPh2 yielded the calcium diphenylamide even though diphenylphosphine has a 
lower pKA than diphenylamine.145 In order for the σ-bond metathesis (protonolysis) step to 
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occur, coordination of the substrate to the metal is required. Since the soft phosphine is a 
poorer ligand than the amine for the hard calcium centre the formation of calcium 
diphenylamide is favoured. 
 
3.4 Intermolecular hydroamination/-phosphination of activated C=N bonds 
In contrast to the findings that the insertion products of the intramolecular hydroamination are 
unstable reaction intermediates, products derived from insertion of carbodiimides into heavier 
alkaline earth metal-nitrogen bonds are kinetically and thermodynamically stable and readily 
isolable.146,147 The catalytic hydroamination of carbodiimides was reported by Lachs et al. in 
2008 (Scheme 40).148 Electron rich and deficient primary arylamines with 1,3-dialkyl 
carbodiimides were converted to the corresponding substituted guanidine derivative. 
ArNH2 + R1N=C=NR2
2 - 4 mol% 1a or
[M{N(SiMe3)2}2(THF)2]
hexane, 0.1 - 72 h
25 - 80 °C
NAr
NHR2R1HN
NHAr
NR2R1HN
[1,3-H shif t]
12 examples, 37 - 81% yield
Ar = 2-FC6H4, 4-MeC6H4, Ph, 2-MeOC6H4, 1-naphtyl, 2,6-iPrC6H3
R1 = R2 = iPr, tBu; R1 = Et, R2 = tBu
M = Ca, Sr, Ba
 
Scheme 40. Reaction scope for the hydroamination of carbodiimides. 
Extension to hydrophosphination of carbodiimides in order to synthesise phosphaguanidine 
derivatives was established by Crimmin et al. (Scheme 41).149 The heteroleptic alkaline earth 
amide 1 is a competent catalyst, however the simpler homoleptic alkaline earth amides 
[M{N(SiMe3)2}2(THF)2] proved to be more active. The reaction scope was limited to 
dicyclohexylphosphine or sterically demanding carbodiimide substrates such as 1,3-di-tert-
butyl carbodiimide. 
Ar2PH + R1N=C=NR2
1.5 - 5 mol% 1a or
[M{N(SiMe3)2}2(THF)2]
hexane, 0.25 - 28 h
25 °C
PAr2
NR2R1HN
5 examples, 68 - 99% yield
Ar = 4-MeC6H4, Ph
R1 = R2 = iPr, Cy, p-tol; R1 = Et, R2 = tBu
M = Ca, Sr, Ba
 
Scheme 41. Reaction scope of the hydrophosphination of carbodiimide derivatives. 
 
It could be shown that the product reacts as a ligand for the Lewis acidic metal centre 
resulting in significant product inhibition. Cross over experiments between one equivalent of 
1,3-di-iso-propyl carbodiimide and one equivalent of [Ph2PC{NHCy}{NCy}] catalysed by 
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5 mol% [Ca{N(SiMe3)2}2]2 in d6-benzene resulted in the formation of the cross-over products 
[Ph2PC{NH-iPr}{NiPr}] and 1,3-dicyclohexyl carbodiimide as observed by NMR 
spectroscopy. Based upon this, the authors proposed that the catalytic reaction proceeds via 
rapid catalyst initiation followed by insertion reaction and σ-bond metathesis steps with both 
steps being reversible under catalytic conditions (Scheme 42). The same catalytic cycle 
applies for the hydroamination of carbodiimides except that no reversibility was observed. 
R-H [M]-R
X C NR1 (X= R1N or O)
[M] X
C NR1
R
R-HHX C
R
NR1
[M]-N(SiMe3)2
- H-N(SiMe3)2
R = NR2, PR2
 
Scheme 42. Generalised Cycle for addition of acidic substrates to activated C=N bonds. 
Barrett et al. also reported the addition of Ph2NH to either adamantyl- or arylisocyanates.150 
Whereas the mechanisms follows the same path as the hydrophosphination of carbodiimides 
with reversible σ-bond metathesis and insertion steps, the reaction is currently restricted to 
these two examples. 
 
3.5 Intermolecular hydrosilylation of alkenes and dienes 
The addition of a Si-H bond to a multiple bond is highly atom efficient and a key 
transformation of great importance to the silicon industry and in organic synthesis, dendrimer 
or polymer chemistry.151,152 In 2006, Buch et al. described the application of the heavier 
alkaline earth benzyl complex 7 (Scheme 35) to the hydrosilylation of vinylarenes and dienes 
with phenylsilane and phenylmethylsilane (Scheme 43).141 The reaction proceeds under low 
catalyst loading (2.5 - 10 mol%) and relatively mild conditions (20 - 50 °C, 0.1 - 20 h). The 
strontium catalyst is more reactive than the analogous calcium compound, providing shorter 
reaction times. Reaction scope is limited to activated alkenes and no hydrosilylation is 
observed with norbornene and allylbenzene. 
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Ph
R1
+ PhSiH2R2
R1
Ph SiHPhR
2
20 - 50 °C,
0.1 - 20 h
2.5 - 10 mol% 7
d6-benzene
R1 = H, Me, Ph; R2 = H, Me
Ph
Ph
+ PhSiH3
Ph
Ph50 °C, THF
2 - 3 h
2.5 mol% 7
SiH2Ph
 
Scheme 43. Reaction scope for the intermolecular hydrosilylation of styrene derivatives. 
Despite the possibility that 7 may initiate the anionic polymerisation of styrene, clean 
conversion to the silane compound is observed. Interestingly, the regioselectivity of products 
proved solvent dependent for the hydrosilylation of diphenylethene. In benzene the 
Markovnikov product was obtained, whereas in THF the anti-Markovnikov was isolated. 
Although [CaH2]n formation upon catalyst initiation is possible, commercially available 
[CaH2]n proved inactive for the hydrosilation under these reaction conditions. As a molecular 
hydride has been isolated recently by stoichiometric reaction of phenylsilane with 1a (vide 
ante), two distinct “lanthanide-mimetic” catalytic cycles have been proposed (Scheme 44).  
PhSiH3
LMH
Cat.
PhSiH3
SiH2Ph
R1
R2
H ML
R2R
1
cycle A
R1
R2
SiH
H
Ph
H
H
ML
R1
R2
cycle B
SiH2PhLM
R2
R1
ML Si
Ph
H
H
H2
SiH2PhH
R2
R1
LMH
H2
PhSiH3
PhSiH3
M = Ca
 
Scheme 44. Proposed mechanism of the Group 2-mediated hydrosilylation of alkenes. 
Cycle A leads to the formation of the Markovnikov product, while cycle B attempts to explain 
the formation of the other regioisomer. Polar solvents would favour cycle B incorporating the 
charge-separated species [LM]+[H4SiPh]- and would account for the observed solvent-
dependent regiochemistry. 
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3.6 Intermolecular hydrosilylation of ketones and hydrogenation of alkenes 
Spielmann et al. attempted to extend the catalytic hydrosilylation reaction involving ketones 
to afford the corresponding silyl ethers (Scheme 45).21 Unexpectedly, the reaction always 
resulted in the formation of bis-alkoxy silanes PhHSi(OCHR1R2)2 as the major product, even 
when an excess of PhSiH3 was used. By-products originating from competitive carbonyl 
enolisation reaction were only observed in low yields (less than 5%). 
PhSiH3R1 R2
O
+
LCa-H 3
1 - 2.5 mol%
50 °C, C6H6
O SiR
1
R2
O R1
R2H Ph
R1 = R2 = -(CH2)5, Ph, CH2Ph, C9H14
R1 = Ph, R 2= Me
5 examples, 91 - 96%
 
Scheme 45. Reaction scope of hydrosilylation of ketones. 
This study was also expanded to the calcium catalysed hydrogenation of styrene, 1,1-
diphenylethylene, 1,3-cyclohexadiene, α-methylstyrene and 1-phenylcyclohexene.153  
Hydrogenation was achieved under mild conditions (20 °C, 20 bar H2) and was catalysed by 
both 7 and the molecular calcium hydride 3. However, finely ground, commercially available, 
[CaH2]n was again ineffective in catalysing the hydrogenation under the employed reaction 
conditions. The reaction is limited to activated alkenes as already seen in the cases of 
hydrophosphination and hydrosilylation. A proposed mechanism is shown in Scheme 46 and 
involves the heterogeneous cleavage of H2 as a key step, which is unprecedented in calcium 
chemistry. Verification of such an activation was obtained by stoichiometric reaction of the 
calcium hydride 3 with 1,1-diphenylethylene and its subsequent reaction with molecular 
hydrogen (20 bar, 20 °C).153  
R
LCa-H
RLCa
H H2
R
LCa
H H
−δ +δ
R
LCa-X
+ H2 - HX
 
Scheme 46. Proposed mechanism of the hydrogenation of alkenes mediated by Group 2 calcium compounds. 
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3.7 Aldol-, Mannich- and Michael-Type Reactions  
Direct-type aldol reactions are gaining interest in the research community as only catalytic 
amounts of a metal compound or organocatalyst are required, making these conversions 
highly atom efficient. Recently, alkaline earth complexes have been applied as catalytic 
species in aldol-, Mannich- and Michael-type reactions. In most of the cases the catalytic 
species are poorly defined and usually prepared in situ. However, because very high 
selectivities are obtained in some cases, these reactions are discussed here briefly. 
Noyori and Shibasaky introduced the first chiral Group 2 metal alkoxide catalysts for 
asymmetric cross-aldol coupling of acetophenone and a variety of aldehydes 
(Scheme 47).154,155 The catalysts show high reactivity and produce the aldol in moderate to 
high yields with enantiomeric excess between 15 and 91%. The preparations were carried out 
in situ and the catalysts were only characterised via mass spectrometry and NMR 
spectroscopy. In the barium case no free BINOL-Me signals was detected in the 13C NMR 
spectrum. As an excess of 2.5 equivalents of BINOL-Me was used, it suggests that the metal 
centre is interacting with more than two equivalents of the ligand.154 
Ph
O
H R
O
+ Ph R
O OH
chiral cat. (3 - 5 mol%)
A or B
-20 °C, 10 - 48 h
A Ba(OiPr)2 + 2.5 eq OH
OMe
B [Ca{N(SiMe3)2}2(THF)2] + 3 eq
Ph
Ph OH
OH
A 6 examples, 77-99% yield, 50-70% ee
B 5 examples, 13-88% yield, 15-91% ee
 
 Scheme 47. Catalytic systems for the catalytic asymmetric aldol reaction of ketones and aldehydes. 
Saito et al. conducted experiments towards the direct-type catalytic reaction of (N-
Boc)propioamisidide with aldehydes (Scheme 48).156 Whereas rare earth metal alkoxides did 
not catalyse the reaction at all, good reactivity was found for the heavier alkaline earth 
alkoxides. The barium analogue was found to give the highest yields under mild conditions 
(0 °C, 24 - 48 h).  
R H
O
N
Boc
O
+ R N
H
BocO OBa(OtBu)2(10 mol%)
C (22 mol%), MS 5Å
Ar
Ar = p-methoxyphenyl
Ar
0 °C, THF, 48 h HO
MeOC
 
Scheme 48. Catalytic aldol reactions of amides and aldehydes catalysed by barium tert-butoxide. 
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The catalyst was formed in situ by adding 2.2 equivalents of a phenol to barium tert-butoxide. 
Although the catalytic species was not further characterised, ligand screening showed that 
ortho-substituted phenols have an unprecedented high diasteroselectivity for the anti-product 
(up to 98%). Saito et al. also carried out a very similar Mannich reaction catalysed by barium 
phenoxides, in which instead of an aldeyde an imine was reacted with the amide.157 
Comparably high yields and a strong preference for the anti-product were observed.  
Following work by Kumaraswamy et al. on asymmetric Michael addition with chiral (R)-(+)-
BINOL-calcium,158,159 Kobayashi and co-workers established the asymmetric 1,4-addition of 
α-amino acids derivatives to enones (Scheme 49).160,161 The catalyst was prepared in situ from 
the metal isopropoxide and a bisoxazoline (BOX) ligand. The magnesium alkoxides are not 
active, whereas the reactivity of the heavier alkaline earth metals increased with increasing 
ionic radius. The best enantioselectivity, however, was achieved with calcium isopropoxide. 
Depending on substrate and BOX ligand up to 94% ee was obtained. Interestingly a slight 
change in substrate (R1 = Me) changes the reaction pathway and a [3+2] cycloaddition occurs 
with extremely high diastereo- and enantioselectivity (up to 99% ee). THF was revealed to be 
the best solvent for this reaction. Surprisingly, all other solvents investigated gave much 
lower yields and enantioselectivities. 
OR2R1
O
OR3
O
NPh
Ph
NPh
Ph
OR3
O
OR2O
H
N
O
OR3Ph
Ph
OR2
O
+
O
NN
O
R4 R4
(10 mol%)
Ca(O iPr)2
+
(10 mol%)
R1 = H
R1 = Me
 
Scheme 49. Asymmetric 1,4-addition (R1 = H) and [3+2]-cycloaddition (R1=Me) using chiral calcium complexes. 
It was assumed that a chiral heteroleptic calcium alkoxide [(BOX)Ca-OR] is formed in situ. A 
1H NMR study on a catalytic mixture however hints to an acid base equilibrium (Scheme 50). 
BOX-H Ca(OR)2 (BOX)Ca-OR + ROH+
 
Scheme 50. Acid-base equilibrium of calcium alkoxide and the BOX-ligand. 
Independently, Buch et al. synthesised the heteroleptic calcium amide [BOXCa-NR], which 
was fully characterised by single X-ray diffraction.137 As the more reactive and basic 
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[Ca{N(SiMe3)2}2]2 is used as starting material, exclusive formation of the BOX-complex is 
achieved. Applying this complex in the enantioselective hydroamination and hydrosilylation 
however gave only poor enantioselctivity,137 which stands in strong contrast to Kobayashi’s 
effective asymmetric 1,4-addition. 
 
Chapter Ia.: Aims and objectives  43 
 
Ia. Aims and objectives 
Heavier alkaline earth complexes are proven to be effective homogenous catalysts in a range 
of sinariós. The hydroamination of alkene and alkynes promised to be of great importance. 
However, there is still a lot of work to be done to fully understand and control these reactions. 
The development of intermolecular hydroamination and its application to highly complicated 
and functionalized fragments is of enormous interest. 
The aim of this work is to further investigate heavier alkaline earth mediated 
hydroaminations. In particular, the intermolecular hydroamination of different unsaturated 
compounds such as olefins, alkynes and dienes is to be explored. Furthermore, detailed 
studies into reaction control and kinetics shall be carried out using spectroscopic methods. 
To prove the general use of the catalytic system, the synthesis will be applied, in a later stage 
of the project, to a complex molecule such as a natural product. Lysergic acid is famous 
among ergot alkaloids both because of its remarkable pharmacological potential and from a 
synthetic point of view.162 Lysergic acid occurs naturally in the ergot fungus that grows on 
wheat and rye. Amides of lysergic acid, lysergamides, are widely used as pharmaceuticals and 
as psychedelic drugs (LSD). Several total synthesis of this alkaloid are known,163 but none of 
them are serious candidates for practical manufacture.  
Looking at lanthanide systems, the ligands around the metal have a great influence on the 
reactivity of the catalysts. Studies of heavier alkaline earth metal catalysts which include 
supporting ligands are therefore desirable. This could be, in the first instance the in situ 
formation of new catalysts by simple adding different ligands, such as diamines or oxygen-
based bi- or tridentate ligands, to the catalytic reaction. However, to understand the electronic 
and steric influence of the catalyst on the hydroamination reaction, well-defined compounds 
of the heavier alkaline earth catalysts will be very useful and make further isolation and 
characterisation essential. Envisioned, is the application of chiral bisphosphine ligands. The 
oxygen on the phosphorus will have a strong affinity to the calcium or strontium centre and 
may be able to initiate the asymmetric hydroamination.  
The application of heavier alkaline earth metals in catalysis is an area, which only recently is 
getting attention from the research community. Further challenging and desirable small 
moleulce activation may be feasible when applying these complexes in catalytic 
transformations and this needs to be further investigated. 
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II.  Results and Discussion 
4. Intermolecular hydroamination of styrene derivatives 
In Chapter 3 the intramolecular hydroamination of aminoalkenes catalysed by heavier alkaline 
earth metals was introduced. More challenging is the less-studied intermolecular 
hydroamination reaction of C-C unsaturation. The nature of complexes for the 
hydroamination of olefins is diverse and so are the different proposed catalytic cycles. Two 
major approaches are recognised: 1) The hydroamination cycle is initiated through 
alkene/alkyne activation or 2) amine activation is the first step of the transformation 
(Scheme 51).164 
+MLn
-L
e.g. M = Pd, Pt
LnM
NR2
Ln-1M
LnM=NR e.g. M = Ti, Zr for H2NR
e.g. M = Rh, Ir
+LnMX H2X
+LnMX
HX+
+
+LnM
e.g. M = Alkali metals, Ln
Alkene activation
Amine activation
NR2
LnM
H
NR2
H
 
Scheme 51. Different initiation steps in the hydroamination catalysis dependent on the nature of the catalyst. 
The first approach is achieved using late transition metals (e.g. Pd114,124,165-168, Pt169,170). After 
coordination to the metal centre, the olefin is more susceptible to attack by exogenous amine 
nucleophiles resulting in 2-aminoalkyl complexes. These complexes react in diverse ways, 
leading to oxidative amination, hydroamination or polyfunctionalised products.171 
Alkali metals115,172-174 and lanthanides3,175,176 react in accordance with the second approach, 
generating highly nucleophilic amido species which can attack the alkene directly. In a similar 
way amines are activated by early transition metals such as zirconium177 and titanium121,122,178. 
Because these metals are electron poor and have empty d-orbitals available, primary amines 
preferably bind in an imido fashion (Scheme 51).2 The alkene insertion occurs via σ-bond 
metathesis with the formation of a four-membered transition state. The third group of metals 
following an amine activation route consists of late transition metals such as rhodium179,180 
and ruthenium.181-183 After oxidative addition of N-H, the alkene/alkyne inserts into the newly 
formed N-M bond, followed by reductive elimination to give the hydroamination product and 
the active catalytic species.  
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As discussed in Chapter 1, the chemistry of organometallic alkaline earth metal complexes is 
closely related to that of the rare earth elements. As lanthanide-mediated hydroamination 
reactions have been explored more extensively than heavier alkaline earth metal examples, it 
is reasonable to refer to the former transformation. 
Lanthanide-catalysed hydroamination reactions were devised and pioneered by Marks and co-
workers.164 It was revealed that amido and alkyl lanthanocene complexes are highly efficient 
catalysts for the cyclisation of aminoalkenes, -alkynes, -allenes and -dienes.3 In addition, the 
application of chiral complexes enable enantioselective intramolecular 
hydroamination.116,118,184 The more challenging intermolecular hydroamination reactions 
catalysed by rare earth metal compounds are found less frequently. Either lanthanocene185,186 
or binaphthalate118 catalysts are typically utilised. Difficulties are ascribed to the competition 
between strongly binding amines and weakly binding alkenes for vacant coordination sites. 
The reaction has been studied mainly for activated alkenes such as styrene derivatives and 
dienes.186-188 Ryu et al. however were the first to show that an ansa-metallocene neodymium 
complex can also hydroaminate non-activated alkenes, although in low turnover numbers 
(Scheme 52).186 The intermolecular hydroamination of non-activated alkenes with simple 
amines remains very challenging and only a few more examples, including transition metal 
catalysts, are known.169,170,183,189,190 
H2N+
d6-benzene, 60 °C
HN
71-fold
excess
TOF 0.4 h-1
Si CH(SiMe3)2Nd
 
Scheme 52. The neodymium-catalysed addition of propylamine to 1-pentene.186 
Although the interest in hydroamination has increased over the last decades, there are still 
major challenges to be faced. These would be for example the regio- and stereocontrol of the 
hydroamination product or the application to a broad range of substrates whilst maintaining 
high catalyst activity. The catalytic anti-Markovnikov addition of HNR2 to olefins was listed 
by Haggins as one of the “Ten Challenges for Catalysis”.191 
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4.1 Comparison of alkaline earth catalysts for the hydroamination of styrene 
derivatives 
4.1.1 Application of alkaline earth bis(amides) 
During ongoing studies in the Hill group investigations turned towards the intermolecular 
calcium-mediated hydroamination of vinylarenes. Hydroamination of styrene derivatives to 
yield 2-(arylethyl)amines is of particular interest since this class of substrates is of great 
importance as lead structures for psychodysleptics, strong analgesics, analeptics, 
antihistamines and anorectics.192 In initial experiments it was found that 
[(NacNac)Ca{N(SiMe3)2}(THF)] 1a was able to catalyse the addition of benzylamine towards 
different substituted styrene derivatives. Based on this study [Sr{N(SiMe3)2}2]2 5b was 
synthesised and applied in a series of hydroamination reactions of styrene derivatives. It was 
not only found that the simple, non-ligand supported strontium amide is able to catalyse the 
reaction, but also that a superior role of the strontium precatalyst was established. A 
comparison of both the results of the calcium- and strontium-mediated hydroamination is 
summarised in Table 3.  
Table 3. Comparison of calcium- and strontium-mediated intermolecular hydroamination.(a) 
+
catalyst,
(5 mol%)
HNR'R''
R
NR'R''
R 60 °C, neat
11, R = OMe, R' = H, R'' = CH2Ph
12, R = Me, R' = H, R'' = CH2Ph
13, R = H, R' = H, R'' = CH2Ph
14, R = Cl, R' = R'' = -(CH2)5-
15, R = Cl, R' = R'' = -(CH2)4-
 
   
Calcium193 Strontium 
Entry R Amine Time/ h Yield/ %(b) Time/ h Yield/ %(b) 
1 -OMe PhCH2NH2 168 17 144 63 
2 -Me PhCH2NH2 60 70 28 84 
3 -H PhCH2NH2 48 92 24 78 
4 -Cl NH(CH2)5 24 60 17 79 
5 -Cl NH(CH2)4 2 95 1 65 
(a) Reaction conditions: 5 mol% [(NacNac)Ca{N(SiMe3)2}(THF)] 1a or [Sr{N(SiMe3)2}2]2 5b, styrene-
derivative:amine = 1:1, neat, 60 °C. (b) Isolated by column chromatography. 
 
The results in Table 3 show that in the intermolecular hydroamination of vinylarenes the 
strontium amide is more active than the calcium amide. It was possible to approximately half 
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the reaction time when strontium was used instead of calcium. When less active substrates are 
utilised, the difference is more significant (Table 3, Entries 1-3). In the intramolecular 
hydroamination catalysed by Group 2 metals it was found that calcium complexes are 
superior to the magnesium analogues. However, further studies in the Hill group127-129 and by 
Roesky and co-workers20-22,141,153 have demonstrated that this trend does not extend smoothly 
to strontium. Reasons for this can be found in the large variation in the charge density of the 
different M2+ ions, which is coupled with the variation in size, as well as the tendency to 
undergo Schlenk-like ligand redistribution and/or aggregation of heavier Group 2 complexes. 
These factors will have a dramatic effect on reactivity when comparing analogous Group 2 
compounds. 
 
To further investigate and understand the difference in activity of alkaline earth catalysts, a 
computational study in collaboration with Dr. P. Hunt and A. Sykes was conducted. In the 
interest of computational expense the starting materials were replaced by ammonia and 
ethene. As catalyst, a simple form of [(NacNac)M{N(SiMe3)2}(THF)] 1 was applied, in 
which the phenyl substituents were substituted for protons (Scheme 53, 16). 
N
H
M
H
N
NHR
16
 
Cp*
Cp*
CH(TMS)2 H2N
17
La
 
Scheme 53. Catalyst 16 for the computational studies and catalyst 17 and substrate 4-penten-1-amine used in the literature.194 
The catalytic cycle was simplified by treating the precatalyst initiation as non-reversible, so 
that catalyst formation is not taken into account in the calculation. Furthermore it was 
assumed that all four precatalysts (Mg, Ca, Sr and Ba) form analogous intermediates. No 
solvent environments were taken into account. The results of this study are summarised in 
Scheme 54. In addition, the course of the free energy of an example from the literature by 
Motta et al. is included in the diagram. The course refers to catalyst 17 and 4-penten-1-amine 
as substrate (Scheme 53, right).194 
The diagram shows the energy profile for the four alkaline earth catalysts during the catalytic 
cycle. Two energy barriers have to be overcome. The first one is the insertion of the 
carbon-carbon double bond into the metal-nitrogen species leading to the alkene insertion 
transition state. The second one is the protonolysis of the newly formed metal-carbon bond to 
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release the product and close the catalytic cycle. For all four catalytic cycles the calculations 
found that the first step is higher in energy and therefore the rate-determining step. 
 
Scheme 54. Result of the computational studies for the addition of ammonia to ethene with different metal catalysts. 
Concentrating on the difference between the calcium and strontium amides, the energy 
diagram shows that the first activation barrier lies at a slightly lower energy for the strontium-
mediated hydroamination reaction than that of calcium. According to the theoretical studies, 
the better catalyst in the intermolecular hydroamination is therefore the strontium amide, 
although the calcium amide is energetically favoured in all other steps of the catalytic cycle. 
The superior role of strontium is reflected in the experimental results (cf. Table 3). 
Furthermore, the four alkaline earth catalysts show a significant divergence in their ability to 
lower the energy barrier for the analysed reaction (Scheme 54). The order of increasing 
activity is Mg < Ba < Ca < Sr. Whereas the energy difference between calcium and strontium 
for reaching the alkene insertion transition state is around 5 kJ∙mol-1, significantly more 
energy is needed to realise the insertion catalysed by barium or even magnesium as a further  
10 – 20 kJ∙mol-1 is needed. In addition. a DFT assessment of the use of the heavier Group 2 
elements Mg, Ca, Sr and Ba for the intermolecular hydroamination of ethene has indicated 
that the efficiency of the catalysis is dependent on both the polarity and the deformability of 
the electron density within the metal-substituent bonds of key intermediates and transition 
states.195 
It is also interesting that the results established by Motta et al. for the intramolecular 
hydroamination of 4-penten-1-amine catalysed by the lanthanide complex 17 (cf. Scheme 53) 
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are only slightly lower than in the intermolecular, alkaline earth catalyst case. These results 
are very promising and motivating for further research into calcium-, and especially 
strontium-mediated catalysis.  
To support the results found by the computational studies, the addition of piperidine to styrene 
was investigated in the presence of all four different alkaline earth catalysts. The results are 
summarised in Table 4. 
Table 4. Comparison of the alkaline earth-mediated addition of piperidine to styrene.(a) 
catalyst,
(5 mol%)
+
N
N
H
60 °C, neat
18
 
Entry Catalyst Time(b) TOF /h 
1 
2 
[Sr{N(SiMe3)2}2]2 
[Ca{N(SiMe3)2}2]2 
5 h 
13 h 
4.0 
1.5 
3 [Ba{N(SiMe3)2}2]2 10 days 0.08 
4 Mg(nBu)2(c) 14 days 0.06 
(a) Reaction conditions: 5 mol% catalyst, styrene-piperidine = 1:1, neat, 60 °C. 
(b) For full conversion. (c) 1 M solution in pentane. 
 
Notably, the experimental results clearly agree with the findings of the computational studies. 
Both the strontium and calcium amides catalyse the addition in good turnover frequencies 
with full conversion obtained in less than 13 hours. Unsurprisingly, barium and magnesium 
are much less useful at catalysing the chosen reaction. While the hydroamination is complete 
in hours in the cases of the strontium and calcium amides, several days are necessary when 
the barium and magnesium amides are applied as catalyst. The attempt was made to perform 
the four reactions under closely matching reaction conditions. However, instead of the 
magnesium amide an easily available magnesium dialkyl [Mg(nBu)2] in pentane solution 
(1 M) was used. Alkyl compounds are more basic than the amides. Furthermore, due to the 
presence of pentane, this reaction was not performed completely neat, which may also have 
an effect on the course of the catalysis. Nevertheless, these should be only small factors and 
the results still reflect the general activity of a magnesium catalyst in the intermolecular 
hydroamination reaction. 
 
In the lanthanide-mediated intra- and intermolecular hydroamination reactions the influence 
of different sized metal ions and the steric congestions of the ligand have been studied 
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intensively.3,186,196 It was found that the reaction proceeds at higher rates with increasing size 
of the metal cation radius as a result of the lower degree of coordinative saturation at the 
electrophilic metal centre, which decreases the energy of the transition state for the rate-
determining step. Due to the lanthanide contraction, a relatively small change in ionic radius 
of M3+ occurs across the period from lanthanum to lutetium (19.9%).10 By choosing different 
metal ions in organolanthanide catalysis, fine tuning of reaction rates is possible. In contrast, a 
drastically large change in the M2+ ionic radius is observed when descending Group 2 from 
magnesium to barium (87.5%).10 Therefore a more complex effect of the metal radius upon 
reaction rate is to be expected in Group 2 catalytic systems. 
 
4.1.2 Application of organocalcium and -strontium dialkyls 
Over the course of this PhD project Crimmin et al. were able to establish the first 
homogenous synthesis of heavier alkaline earth dialkyls 4a-c (cf. Chapter 2.2).32 However, 
few applications of the new complexes in catalysis are yet known. Many lanthanide 
complexes contain the bulky bis(trimethylsilyl)methanide alkyl ligand and have already been 
applied successfully in catalysis.3,186,197,198 The dialkyl derivatives of calcium and strontium 
are highly air and moisture sensitive, yet very reactive compounds, which are anticipated to 
be promising precursors for hydroamination catalysis. One problem with the application of 
the corresponding bis(trimethylsilyl)amides 5a-c is that full catalyst initiation can not be 
achieved due to an existing amine-amide equilibrium (Scheme 55), but rather only a small 
amount of the precatalyst is converted into the active species (cf. Chapter 4.3.4). As heavier 
alkaline earth dialkyls are more basic, catalyst initiation should be instantanous and yield full 
conversion to the reactive heavier alkaline earth amido species. Indeed, a stoichiometric 
reaction between strontium dialkyl 4b and piperidine, resulted in immediate stoichiometric 
formation of CH2(SiMe3)2 and [Sr{N(CH2CH2)2CH2}2(THF)2] observed by 1H NMR studies 
(Scheme 55).  
N
H
[Sr{CH(SiMe3)2}2(THF)2] + 2 NSr
2
THF
THF
d6-benzene, RT
< 10 min
+ 2 CH2(SiMe3)2
[Sr(N{SiMe3}2)2]2 +
N
H
4
d6-benzene, RT NSr
2
+ 4 HN(SiMe3)2
n
 
Scheme 55. Stoichiometric reaction between strontium dialkyl and piperidine. 
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The crucial difference between the application of [Sr{N(SiMe3)2}2]2´5b and 
[Sr{CH(SiMe3)2}2(THF)2] 4b is not only that more of the active catalytic species is formed in 
the catalyst initiation of the latter, but also the absence of the basic, coordinative HN(SiMe3)2. 
To explore the reactivity of alkaline earth dialkyls and compare it with the corresponding 
bis(amides) the hydroamination of various styrene derivatives was examined. A selection of 
hydroamination experiments catalysed by either 4b or 5b was conducted. The results are 
summarised in Table 5. 
Table 5. Hydroamination of styrene derivatives catalysed by calcium and strontium dialkyls.(a) 
+
N
H
4b or 5b (5 mol%)
d6-benzene, RT N
R R 18, R = H
19, R = Me
20, R = OMe
 
Entry R Cat Time Yield/ % TOF/ h-1(d) 
1 H 5b 72 h 92(b) 0.28 
2 H 4b 10 min 70(c) 120.0 
3 Me 4b 35 min 95(b) 40.0 
4 OMe 4b 90 min 90(b) 13.3 
 (a) Reaction conditions: 5 mol% of catalyst, styrene:piperidine = 1:1, [styrene] =0.3 M, RT.  
[Sr{N(SiMe3)2}2]2 5b, [Sr{CH(SiMe3)2}2(THF)2] 4b (b) NMR yields. (c) Isolated yield.  
(d) Based on NMR conversion. 
 
The results show that the metal dialkyls are much superior compared to the heavier alkaline 
earth bis(amides). The hydroamination of unsubstituted styrene mediated by strontium dialkyl 
4b is very fast, yielding a TOF as high as 120 h-1, whereas the reaction under the same 
conditions catalysed by the strontium bis(amide) precatalyst is almost three orders of 
magnitude slower. Even at room temperature and diluted reaction conditions very high 
reactivity was observed. Entries 3-4 show that electron rich styrene derivatives are likewise 
converted very efficiently. In contrast, the addition of piperidine or benzylamine to styrene 
derivatives catalysed by the strontium amide species required elevated temperatures to reach 
full conversion under neat reaction conditions, and the reaction times lasted several hours or 
days rather than minutes (compare Table 3 and Table 6). Although the yields in all 
hydroamination reactions shown in Table 5 are very high, polymerisation as a side reaction 
occurs to a greater extent than in the case of the alkaline earth bis(amides). This can be easily 
seen in the hydroamination of unsubstituted styrene as the solution turns slightly yellow or 
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even intense red at higher styrene concentrations. In fact, the strontium dialkyl species can 
also be used to polymerise styrene (cf. Chapter 4.4). Polymerisation can be avoided by using 
dilute reaction conditions and decreasing the catalyst loading. 
Both the strontium dialkyl and bis(amide) are efficient catalysts in the examined reaction 
since the catalyst loading for the hydroamination of styrene and piperidine can be reduced to 
0.5 mol% in case of [Sr{CH(SiMe3)2}2(THF)2] 4b and to 0.3 mol% for [Sr{N(SiMe3)}2]2 5b 
giving respective turnover numbers of 200 and 333. The former reaction is completed in 
40 min at room temperature (c = 3.9 M) and in the latter case complete conversion is observed 
after 12 h at 60 °C (neat). 
 
4.2 Scope of styrene derivatives and amines 
4.2.1 Intermolecular hydroamination of differently substituted vinylarenes 
As already shown, a variety of functional groups are tolerated for the hydroamination reaction 
of styrene. The following chapter presents a detailed discussion of the influence of 
substituents on regioselectivity and reaction times. The results of the strontium bis(amide)-
mediated catalysis are summarised in Table 6. 
Table 6. Results of the intermolecular hydroamination of different vinylarenes and amines.(a) 
+
5b (5 mol%)
HNR'R''
R
NR'R''
R 60 °C, neat
 
Entry R Amine Product Time/ h Yield(b)/ % 
1 -OMe PhCH2NH2 11 144 63 
2 -Me PhCH2NH2 12 28 84 
3 -H PhCH2NH2 13 24 78 
4 -Cl PhCH2NH2 21    48 (c) 65 
5 -Cl (CH2)5NH 14 17 69 
6 -Br (CH2)5NH 22 18    49(d) 
(a) Reaction conditions: 5 mol% [Sr{N(SiMe3)2}2]2 5b, styrene-derivative:amine = 1:1, neat, 60 °C. (b) After purification by 
column chromatography. (c) Determination of the reaction time proved to be inconsistent. (d) Hydroamination along with 
polymerisation. 
 
The reaction of benzylamine (Table 6, Entries 1-4) and piperidine (Table 6, Entry 5) with 
relatively activated alkenes follows a strictly anti-Markovnikov (or 2,1-) addition. A single 
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regioisomer was recovered under mild reaction conditions and no obvious by-products were 
obtained. An explanation for the selectivity can be found from consideration of the two 
possible transition states, which would lead to the Markovnikov or anti-Markovnikov product 
(Scheme 56). 
Scheme 56. Relevant transition states for 2,1- versus 1,2-addition. 
R
NHR
Ln
Sr
R
SrLn
HR
Nδ− δ+δ+
δ+
δ+ δ− δ−
δ−
2,1-addition TS 1,2-addition TS
 
The alkene insertion is believed to occur via a four-membered transition state. The metal 
amide can approach the double bond from two directions, thereby polarising the alkene, so 
that a highly charge-separated transition state is formed, in which the phenyl group can 
stabilise both anionic and cationic centres (Scheme 56). As the electronegativity between 
strontium and carbon differs much more than between nitrogen and carbon, the anionic charge 
at the carbon adjacent to the metal centre is much more significant. Hence, for an 
energetically low lying transition state, the stabilisation of the anionic centre is the important 
factor. Such a stabilisation of the phenyl groups is possible only if the M-N bond adds in a 
2,1-fashion to the carbon-carbon double bond. Similar arguments have been given before in f- 
and s-block-mediated hydroamination catalysis.173,174,186,189,199-202 
Comparing the reaction times of substituted vinylarenes (Table 6), it becomes clear that more 
electron-deficient alkenes undergo more facile reaction with amines across the series R = 
Br ≈ Cl > H > CH3 > OCH3. This can be explained by considering the rate-determining alkene 
insertion in the catalytic cycle as observed in the intramolecular case (Chapter 4.1). Electron-
withdrawing substituents in para-positions enable the stabilisation of the developing negative 
charge in the transition state of the carbon-nitrogen bond formation and consequently 
accelerate the hydroamination reaction (Table 6, Entries 5-6). In contrast, electron-donating 
substituents on the aromatic ring, such as methyl or methoxy, increase the electron density at 
the benzylic carbon and hinder the 2,1-addition (Table 6, Entries 1-2).  
The reaction conditions applied for the hydroamination reactions (T = 60 °C) were relatively 
mild compared to published literature procedures. For example, the addition of benzylamine 
to p-methylstyrene catalysed by 2 mol% [Li{N(SiMe3)2}] with 2 mol% TMEDA was 
achieved in only 54% yield after 19 h at 120 °C.173  In this case the reaction was not as 
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selective as the product being a 7:1 mixture of the mono-hydroamination and bis-
hydroamination products. Furthermore Ryu et al. reported the addition of n-propylamine to 
styrene catalysed by [(Cp*)2La{CH(SiMe3)2}] yielding the corresponding hydroamination 
product in 90% yield after 40 h at 90 °C.186 
 
Problems occurred upon the use of benzylamine and para-chlorostyrene (Table 6, Entry 4). 
Even after several attempts no consistent reaction times were achieved. In contrast the 
addition of piperidine to para-chlorostyrene yielded the product without complications. It 
could be possible that the chloro-substituent gives rise to problems due to deactivation of the 
catalyst. In order to verify this theory experiments with chlorobenzene were conducted. The 
addition of piperidine to styrene catalysed by strontium amide 5b in A) d6-benzene and B) 
perchlorobenzene was performed (Scheme 57). 
+
N
H
[Sr{N(SiMe3)2}2]2 (8 mol%)
RT, 48 h N
A) C6D6 full conversion after 48 h
B) C6Cl6 no hydroamination
 
Scheme 57. Hydroamination experiments with chlorobenzene as solvent. 
Although the reaction in chlorobenzene showed quantitative production of HN(SiMe3)2, 
indicating full catalyst initiation, no hydroamination product was detected after 48 h at room 
temperature. A possible side reaction could be a reaction analogous to the in lithium 
chemistry common in halogen-lithium exchange. Lithiated benzenes are not stable if a leaving 
group is present, and decompose into highly reactive benzyne species, which polymerise if no 
other reaction partner is present. The presence of benzynes can be proven by reaction with 
furan as characteristic Diels-Alder cyclisations occur. However, the reaction between 
chlorobenzene and a stoichiometric amount of strontium bis(amide) 5b in the presence of 
furan did not yield the Diels-Alder product, and mostly starting material signals were 
observed in the NMR spectrum. The reaction was also repeated without furan and treated, 
after full catalyst initiation, with D2O to see if C-H activation had taken place. However, no 
such product was observed via GC-MS. 
 
These three experiments illustrate that the presence of chloro-substituted benzene inhibits the 
hydroamination of styrene derivatives. Unfortunately the nature of this inhibition could not be 
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ascertained. A similar scenario was found in the hydroamination of styrene derivatives 
mediated by [LiN(SiMe3)2]/TMEDA. At room temperature electron-deficient para-
chlorostyrene could be slowly, but selectively, converted into the hydroamination product, 
while catalyst decomposition and low conversion was observed at elevated temperatures. In 
the hydroamination of para-fluorostyrene, an even more extreme deactivation was present as 
only a small amount of hydroamination product was observed. Strontium and calcium dialkyls 
4b react with hexafluoro- and pentafluorobenzene to yield C-F and C-H activation products 
(vide infra). Although no such activation products could be identified during hydroamination 
reactions, it is likely that the fluoride functionality is not tolerated in Group 2-mediated 
hydroamination. In contrast, the hydroamination of para-bromostyrene yielded the 
hydroamination product, albeit in low yield, as considerable polymerisation occurred; 
indicated by a highly viscous reaction mixture and a low yield of hydroamination products 
(Table 6, Entry 6). Polymerisation became the main reaction if very electron-poor styrene 
derivatives were used, such as meta-nitrostyrene and methyl para-vinylbenzoate. 
 
To examine the influence of substitution at the C=C fragment, the hydroamination of β-
methylstyrene and 1,2-dihydronaphthalene were attempted (Scheme 58). Whereas the reaction 
between piperidine and styrene at 60 °C was completed in 5 h, more steric hindrance at the α- 
and β-carbon slowed the reaction down drastically. Even at 80 °C, 2-dihydronaphthalene and 
β-methylstyrene required 5 days and 7 days, respectively, to reach full conversion. Due to the 
prolonged reaction time at elevated temperatures catalyst decomposition occurred, and only 
about 85% conversion was observed, so that modest isolated yields of 67 and 66% were 
achieved. The observed decelerated reaction rate is likely due to an energetically higher lying 
transition state for the rate determining M-C and C-N bond formation. 
+
N
H
5b (10 mol%)
d6-benzene, 80 °C, 7 days N
23, 66%
+
NH2
5b (10 mol%)
d6-benzene, 80 °C, 5 days
H
N Ph
24, 67%
 
Scheme 58. Hydroamination of α- and β-substituted styrene derivatives. 
A strong substituent influence is typical for f-metal and heavier Group 2 catalysts, which are 
controlled by steric rather than electronic factors (cf. Chapter 1). In the intramolecular 
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hydroamination of aminoalkenes catalysed by calcium and magnesium complexes it was 
shown that alkyl substituents on the C=C bond lengthened the reaction time.128 Mono- and 
dialkyl-substitution at the terminal carbon caused the hydroamination reaction to shut down 
completely under the conditions utilised. Similar observations have been made in 
organolanthanide chemistry, where a number of coordinatively unsaturated half-sandwich 
organolanthanide catalysts have been designed to achieve the hydroamination/cyclisation of 
highly substituted non-activated aminoalkenes.203-205 The intermolecular hydroamination of 
sterically more demanding vinylarenes like α-, β-methylstyrene and 1,2-dihydronaphthalene 
have also been achieved by lithium-catalysed hydroamination utilising LiN(SiMe3)2173 or 
nBuLi206-208 and ruthenium-catalysed hydroamination.182 These studies showed that the 
hydroamination products were only isolated in moderate yields (34 - 50%) and/or more 
forceful reaction conditions are required, compared to the unsubstituted vinylarenes.  
 
4.2.2 Scope of amines 
N-heterocyclic secondary amines 
To further deepen the understanding of the strontium-mediated hydroamination reaction, 
different N-heterocyclic secondary amines were tested in the addition of styrene. The results 
are summarised in Table 7, along with the pKa values of the free amines. 
Table 7. Results of the intermolecular hydroamination of styrene derivatives and N-heterocyclic secondary amines.(a)
+
5b (5 mol%)
60 °C, neat
HN(CH2)n
N(CH2)n
 
Entry Amine pKa(b) Product Time/ h Yield(c)/ % 
1 HN(CH2)5 11.2 18        5.0 79 
2 HN(CH2)4 11.2 25        3.5 65 
3 HN(CH2)3 11.3 26  0.75 81 
4 HN(CH2)2 8.0 27        4.0(d) 72 
5 HN(CH2)4O 8.4 28 4.0 93 
(a) Reaction conditions: 5 mol% [Sr{N(SiMe3)2}2]2 5b, styrene-derivative:amine = 1:1, neat, 60 °C 
(b) Referring to the free amines.209 (c) After purification by column chromatography. (d) Reaction at 52 °C. 
 
The secondary cyclic amines reacted readily and gave the corresponding hydroamination 
products in good yields (65 - 93%). As seen in the previous results clean anti-Markovnikov 
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selectivity occurred. Even the addition of aziridine took place without opening of the strained 
three membered ring. As the ring size decreases from piperidine through pyrrolidine to 
azetidine (cf. Table 7, Entries 1-3), the reaction becomes more facile. The addition of 
azetidine to styrene was completed in only 45 minutes with yields as high as 81%. In contrast, 
application of aziridine resulted in a noticeably slower reaction (cf. Table 7, Entry 4). An 
explanation for the different reaction rates observed can be found by considering the 
nucleophilicity of the respective N-heterocycles. Although cyclic amines are of a similar 
basicity to related acyclic amines such as diethylamine (pKa = 11.0)209 and dibutylamine (pKa 
= 11.3)209, they are much more nucleophilic for steric reasons. The dialkyl substituents, being 
tied back into the ring, are held clear of the nucleophilic lone pair, allowing the former to 
approach an electrophile without hindrance. Therefore, although the six-, five- and four-
membered cyclic amines have comparable pKa values (cf. Table 7), an increase of 
nucleophilicity with decreasing ring size can be observed, which facilitates the strontium-
mediated addition to styrene.  
In the case of aziridine a different effect has to be taken into account. As the nitrogen centre is 
incorporated into a three-membered ring, its lone pair is in an orbital with much more s-
character than is typical for an amine. Therefore aziridine is less nucleophilic and basic, with 
a pKa value of 8.0.209 Although it appears that this effect makes the three-membered ring less 
reactive than azetidine for hydroamination, its reactivity is higher than piperidine and 
comparable to pyrrolidine (cf. Table 7). Another 6-membered heterocycle shown in Table 7 is 
morpholine. The lone-pair on the nitrogen is more electron rich due to the inductive effect 
from the oxygen atom, resulting in a lower pKa and a slightly higher reactivity compared to 
piperidine. The ether functionality does not hinder the hydroamination reaction.  
The results of screening different heterocyclic amines are again consistent with the insertion 
step being rate-determining in the catalysis. It is believed that the protonolysis step is lower in 
energy, so that the nucleophilicity, rather than the pKa of the amine is of importance for 
determining the rate of the reaction. 
 
Aliphatic amines 
As shown, a number of N-heterocycles can be used for the strontium-mediated addition to 
styrene. More challenging compounds are aliphatic amines. A selection of different secondary 
and primary amines in the hydroamination of styrene is shown in Table 8. It can be seen that, 
depending on the amine used, a significant difference in reactivity was observed. The simple 
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tert-butylamine adds cleanly and without any detectable polymerisation to the hydroamination 
product. However the reactivity of this sterically demanding amine is very low as after 
18 days at 60 °C only 83% conversion was observed (Table 8, Entry 1). As seen before, 
benzylamine, which benefits from the proximity of the electron rich benzene ring, added to 
styrene readily. 
Table 8. Application of aliphatic primary amines. 
HNR1R2+
NR1R2
R1= H, CH2Ph
R2= H, tBu, CH2Ph, CH2CH2Ph
13, 29-31
[Sr{N(SiMe3)2}2]2 (5 mol%)
d6-benzene, 60 °C
 
Entry Amine Product T / °C Time Yield(a) 
1(b) 
NH2
 
29 60 18 days 58% 
2(c) NH2
 
13 60 24 h 82% 
3(c) NH2
 
30 60 18 h 78% 
4(c) NH2
 
31 RT 3 days 70% 
5(d) NH2
 
- 60 No conversion - 
6(e) NH3
 
- 80 3 days- - 
(a) Yields after purification by Kugelrohr distillation or column chromatography. (b) neat, 17% styrene remaining. 
 (c) In d6-benzene, 2.0 M. (d) In d6-benzene 0.5 M. (e) In d8-THF, 0.5 M, cat = [Sr{CH(SiMe3)2}2(THF)2] 4b.  
 
Interestingly dibenzylamine, despite being a secondary amine, is slightly more active in the 
hydroamination reaction compared to benzylamine (Table 8, Entries 2-3). The reason could 
be the inductive effect of two benzyl groups. Phenylethanamine could only be applied at room 
temperature as at higher temperature only little conversion was achieved. The reaction can be 
catalysed by [Sr{N(SiMe3)2}2]2 5b and [Sr{CH(SiMe3)2}2(THF)2] 4b. Although both 
reactions were clean, only conversions of 70% were achieved. This, together with the low 
conversion at higher temperature, indicates problems with catalyst stability in the presence of 
phenylethanamine, which has already been observed in the application of para-chlorostyrene 
derivatives. One possibility might be an intramolecular CH-activation on the aromatic ring 
assisted by the amine functionality or an intermolecular CH-activation of the ethene 
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functionality. A stoichiometric reaction between [Sr{CH(SiMe3)2}2(THF)2] and 
phenylethanamine in d8-THF at room temperature and subsequent treatment with 
methyliodide, indicated a small amount of methylation on the ring and the ethane side chain. 
However, due to the small quantity present of these products no isolation was achievable. 
Such undesired C-H activation, along with bis-hydroamination also took place in the 
[KN(SiMe3)2]-catalysed hydroamination of styrene with benzylamine (Scheme 59).173 The 
selectivity is shifted towards the hydroamination products if more reactive, electron-rich 
benzylamines are used. 
+
H
N Ph N Ph
Ph
Ph
NH2
+ +
[KN(SiMe3)2] (2 mol%)
TMEDA (2 mol%)
d6-benzene
Ph
H2N
R R t/ T
A B C
A:B:C
-H
-OMe
1.5 h/ 45 °C
16.5 h/ 60 °C
2.3: 1 : 1.5
2: 1 : 0
 
Scheme 59: By-products observed for the [KN(SiMe3)2]-catalysed hydroamination of benzylamine. 
In the strontium bis(amide)-mediated hydroamination, aniline does not react with styrene 
even after prolonged heating to 60 °C (Table 8, Entry 5). The nucleophilicity of strontium-
anilides should be lower than that of aliphatic amides so that the anion might no longer be 
sufficiently reactive for attack at the styrene double bond. Beller et al. found that by 
exchanging the lithium cation in Li-anilides for potassium to form a more ionic complex the 
hydroamination of styrene derivatives with aniline can be achieved in high yields.207 The 
reaction between aniline and [Sr{N(SiMe3)2}2]2 quantitatively yielded [Sr(HN-Ph)2]n and 
HN(SiMe3)2  as observed by 1H NMR spectroscopy. The new amide species was very 
insoluble and precipitated out of diluted benzene solutions. This insolubility could be a sign of 
a high polymeric character of the newly-formed anilide species and could additionally explain 
the inactivity towards styrene as not even polymerisation was observed. A similar reactivity 
was found upon addition of ammonia to styrene (Table 8, Entry 6). Notably, the styrene again 
remained intact and no significant polymerisation occurred. Ruspic et al. trapped gaseous 
ammonia with [(NacNac)Ca{N(SiMe3)2}(THF)] 1a to yield the dimeric amide 6 (cf. Chapter 
2.5).26 The synthesis of 6 was repeated, the complex treated with styrene in d6-benzene and 
heated to 60 °C, but, again no hydroamination occurred, even after prolonged reaction times. 
Varying the amine species is a topic of ongoing research to further develop the catalytic 
intermolecular hydroamination reaction.164,210 A typical amine  for the transition metal 
catalysis is aniline,168,211 whereas acyclic, non-activated amines are sufficiently reactive for 
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lanthanide-mediated hydroamination.186 Of great interest is hydroamination with ammonia. 
The hydroamination of short-chain alkenes with NH3 has been reported with zeolites212-214 
and alkali metals as catalysts.199,215 So far only a few systems are known, which are able to 
activate ammonia in a homogenous, catalytic way. Lavello et al. demonstrated the 
hydroamination of 3-hexyne with ammonia mediated by a cationic gold(I) complex supported 
by a cyclic (alkyl)(amonio)carbene (Scheme 60).216  
Et Et + NH3
Et
NH
Et
D (5 mol%), 160 °C
d6-benzene, 3.5 h
95%
N
Dipp
Au B(C6F6)4-
D =
 
Scheme 60. Gold (I)-catalysed hydroamination of 3-hexyne and ammonia. 
Although a reaction temperature of 160 °C is required, this reaction marks the first effective 
homogenous hydroamination with ammonia. The reaction is not only successful with alkynes; 
various substituted allenes can also be used. 
 
4.3 Kinetic studies 
To further investigate the strontium-mediated hydroamination reaction, kinetic studies were 
performed. The rates of various reactions were measured via 1H NMR spectroscopy by 
following the decrease of amine concentration. Tetramethylsilane, tetrakis-
(trimethylsilyl)silane, CH2(SiMe3)2 or ferrocene were used as an internal standard. The 
reactions were performed in a sealed Young’s tap NMR tube in d6-benzene.  
 
4.3.1 Determination of the rate law 
 
Ryu et al. found that the rate equation of the lanthanide-mediated intermolecular 
hydroamination of styrene derivatives can be summed up as:186 
             · 	
 ·    ·    Eq. 1 
The rate law can be simplified by using an excess of alkene and assuming its concentration 
remains unchanged during the experiments. As the catalyst concentration remains also 
approximately constant during the reaction course, the rate law can be written as a pseudo 
zero-order process: 
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            ·  	
         Eq. 2 
Hence plotting the amine concentration against time gives, in the case of a zero-order 
reaction, a straight line with the slope equal to the rate constant k’. Initial experiments were 
carried out for the strontium-mediated hydroamination reaction. As a standard the reaction of 
piperidine with styrene in d6-benzene was chosen (Scheme 61). The ratio of 
styrene:piperidine:catalyst was set up as 100:10:1. 
[Sr{N(SiMe3)2}2]2 (10 mol%)
d6-benzene, 50 °C
+
N
N
H
10 1
 
Scheme 61. Reaction examined for kinetic studies. 
However plotting of the amine concentration against time did not result in the expected 
straight line, but followed rather an exponential course (Graph 1).  
 
 
Graph 2. First-order plot. 
Therefore attempts were made to fit the data to a first-, second- or third-order rate law. The 
best fit could be found with a first-order plot (Graph 2). Compared to the former, the second 
and third-order plot yielded significantly greater R2-values and/or did not show a linear 
relationship (see supplement). This technique of comparing the different plots and 
subsequently choosing the best fit is known as the Hofmann method.217 There are more exact 
ways of modulating the data, but these are very complex and are not feasible when the kinetic 
study is based on the relatively inexact and slow NMR spectroscopy. 
 
The examined hydroamination rate is strongly dependent on the concentration of the reaction 
mixture, and a near linear dependence of reaction rate versus concentration of the conducted 
experiment can be found (Graph 3). A proportional dependence such as this is expected for a 
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Graph 1. Plot of amine concentration against time 
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multi-molecular reaction; however in rare earth and heavier Group 2 catalysis, especially in 
the intramolecular hydroamination of aminoalkenes, it is frequently described that product 
and substrate inhibition occur and the rate is inversely proportional to the concentration of 
reactants.128,186 
 
 
Graph 3. Plot of reaction rate as a function of initial starting 
material concentration. Data were collected at 50 °C with 
10 mol% [Sr{N(SiMe3]2}2]2. 
 
 
Graph 4. Plot of reaction rate as a function of catalyst 
concentration at 50 °C and 0.44 M initial piperidine 
concentration. 
 
To further examine the role of the different reagents involved in the reaction, different kinetic 
series based on the reaction shown in Scheme 61 were run. In the first series the catalyst 
dependence for the reaction was established by changing the catalyst concentration and 
keeping the amine and styrene concentration identical. Unexpectedly, the data best fit a 
second-order dependence upon catalyst concentration (Graph 4) and indicated a rate-
determining step involving two catalyst molecules. This second-order dependence is 
consistent with the fact that these species commonly exist as dimers in non-coordinating 
solvents.14,95,130,218-220 Arrowsmith et al. found that intramolecular hydroamination reactions 
were first-order with respect to the catalyst for the β-diketiminate derivative and THF-
solvated homoleptic species, whereas a second-order dependence for the unsolvated 
bis(amide) was established.133 Indeed, the unsolvated bis(amide) complexes 
[M{N(SiMe3)2}2]2 (M = Ca, Sr) displayed in most cases lower catalytic activity than their 
THF-solvated analogues, which was explained by the use of equal amount of catalyst loading 
for both first- and second-order catalysts. 
As expected, when keeping the amine and catalyst concentration constant and varying the 
styrene concentration a first-order dependence in styrene concentration was observed (ratio 
between styrene and amine was always kept greater than 10:1). Interestingly, when varying 
the amine concentration, adding the same amount of catalyst and keeping the styrene:amine 
ratio greater than 10:1, a linear dependence was established. As the catalyst loading gets 
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lower with the addition of further amine substrate, the observed rate constant had to be 
normalised by dividing by the number of catalyst equivalents (Graph 5). 
  
Graph 5. Plot of reaction rate as a function of piperidine amounts 
using 10 mol% [M{N(SiMe3)2}2]2 (M = Ca, 60 °C; Sr, 45 °C) and  
keeping styrene:piperidine ratio bigger than 10:1. 
 
The amine concentration dependence was established for both the calcium and the strontium 
amide catalysis. Strikingly, the strontium system was much more accelerated when varying 
the concentration of piperidine, which is illustrated with the gradient of the regression line 
being twice as high as the calcium system (Graph 5). A discussion of this difference follows 
along with kinetic isotope effects in Chapter 4.3.5. 
 
Taking all these observations into consideration, the overall rate law for the heavier alkaline 
earth bis(amide)-mediated intermolecular hydroamination reaction can be summed up as: 
             · 	
 ·  ·                          Eq. 3 
By adding an excess of alkene the reaction becomes a pseudo first-order reaction, where the 
rate constant can be found by plotting the logarithm of the amine concentration against time. 
            · 	
           ·      Eq. 4 
This is in agreement with the results found initially, when attempting to find the best fit for 
the measured values (Graph 1 and Graph 2). Important for all fits is that only the data up to 
around 80% conversion (which equals three half-lives) were considered. After this time the 
rate of the hydroamination decreased, which can probably be assigned to competitive catalyst 
inhibition by amine product coordination at low substrate concentration. This has been 
observed in previous studies.186 
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The results stand in contrast to findings in lanthanide catalysis by Ryu et al., where a zero-
order amine dependence on the reaction rate was established. It is known that significant 
deviations from (pseudo) zero- or second-order rate kinetics can occur. For example in the 
well-established rare earth catalysed intramolecular hydroamination reaction such an 
aberration is dependent on the steric congestion around the metal centre and substrate 
structure.164 With the application of non-metallocene catalysts such kinetic deviations have 
been observed frequently.118,221,222 The change in the rate law has been attributed to substrate 
self-inhibition and product inhibition. The metal centres in these systems are often more 
accessible to amine bases, as evidenced by coordinating solvents (e.g. THF) found in the 
precatalysts. In the examined case the compounds [M{N(SiMe3)2}2]2 (M= Ca, Sr) have been 
used as hydroamination catalysts, in which the metal centre is not surrounded by additional 
stabilising ancillary ligands and prone to further donor interactions. However, an increase in 
amine concentration in the studied reaction did not inhibit the reaction rate, but accelerated it, 
which gives valuable information for the mechanism of the Group 2 mediated hydroamination 
(vide infra). In the above-described experiment styrene was always present in excess, while 
the piperidine concentration was varied, but kept low at all times during the experiment. 
Additionally, to make sure that at high piperidine concentrations no amine inhibition takes 
place, five parallel experiments were conducted. This time styrene was kept at low, constant 
concentration, 10 mol% [Ca{N(SiMe3)2}2]2 (with respect to styrene) in d6-benzene were used 
and in each NMR tube 1, 2, 5, 10 or 15 equivalents of piperidine were added. The reaction 
mixtures were heated to 60 °C and monitored by 1H NMR spectroscopy. The measured 
styrene and product concentrations after two hours reaction time are shown in Graph 6. 
 
Graph 6. Plot of styrene and product concentration after 2 h as function of  
the added equivalents of piperidine (60 °C, [styrene] = 0.36 M). 
 
It can clearly be seen that the higher the initial amine concentration the quicker the reaction, 
which is in agreement with the original kinetic studies at high styrene concentration  
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(Graph 5). It can also be seen that, whereas a drastic acceleration is observed adding 1, 2, 5 or 
10 equivalents of piperidine, there is no significant difference between adding 10 or 15 
equivalents of amine. The amine concentration reaches saturation at this point, which 
indicates that the acceleration by the higher amine concentration is not a polarity effect, but 
rather shows the cooperation of the amine in the rate-determining step.  
Reznichenko et al. published during the course of this work, a report on the asymmetric 
intermolecular hydroamination of non-activated alkenes mediated by yttrium and lutetium 
catalysts.190 In initial kinetic studies they found that the reaction was first-order with respect 
to amine, alkene and catalyst concentration. They also suggested the participation of the 
amine in the catalytic steps leading from the resting state of the catalyst to the presumably 
rate-determining alkene-insertion step. 
Throughout this project and also in the literature it was always assumed that the insertion into 
the double bond was the rate determining step. The strong dependence upon piperidine 
concentration argues however, that the protonolysis step has an influence on the reaction rate 
and that perhaps a quite similar energy barrier to the insertion into the C=C bond has to be 
overcome. An explanation for this discrepancy is attempted in Chapter 4.3.5, the kinetic 
isotope effect. 
 
4.3.2 The Hammett relationship 
In 1935 Louis Hammett found a way to quantify the effect of electron-donating and 
withdrawing groups on the transition state or intermediates during the course of a reaction. 
This relationship is useful for para- and meta-substituted benzene substrates. Hammett 
defined the constant σ, which shows how electron-donating or withdrawing a group is relative 
to the unsubstituted benzene derivative. The σ-values are listed in the literature.223 For a 
Hammett analysis the logarithm of   is plotted against the σ-values, where kX is the rate of 
the reaction with the X-substituted substrate and kH is the rate of the unsubstituted benzene 
derivative. 
It was found that the Hammett plot could be applied to the alkaline earth-mediated 
hydroamination of styrene derivatives. Hydroamination reactions of styrene, para-methyl- 
and para-methoxystyrene were examined (Graph 7, amine = piperidine). Since the Hammett 
plot is only empirical and not based on a physical relationship, a perfect straight line was not 
expected. 
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Graph 7. The Hammet plot (Reaction conditions: 50 °C, 
10 mol% [Sr{N(SiMe3)2}2]2, 0.35 M initial piperidine concentration. 
 
The gradient of the Hammett plot is called ρ and its magnitude and sign give information 
about the electronic properties of the transition state. An overview of ρ is given in Scheme 62. 
It can be seen that only a rough value of ρ is needed in order to glean useful information. 
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Scheme 62. The meaning of the ρ values. 
The ρ-value of the examined catalysis is +3.8 and shows that in the transition state a negative 
charge is developed, which is delocalised over the whole aromatic ring. Therefore, electron-
withdrawing groups on the styrene accelerate the reaction, whereas electron-donating 
substituents hamper hydroamination. This agrees with the reported results in Chapter 4.2, 
Table 6. Attempts were made to expand the Hammett plot with styrene derivatives substituted 
by strong electron-withdrawing groups such as -Cl, -Br, -COOMe. Hydroamination took 
place smoothly for these styrene derivatives without the obvious appearance of side products, 
however, the rate constants obtained for these reactions did not fit into the Hammett analysis 
as reactions occurred too slowly (by 1H NMR spectroscopy). These anomalies are probably 
due to side reactions such as polymerisation, which are not directly obvious in 1H NMR 
spectroscopic studies and distort the observed rate constant.  
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ppm (t1)
1.251.501.752.002.252.502.753.00
Sr
Ca
4.3.3 Catalyst initiation 
An important step for the start of a catalytic cycle is the catalyst initiation. As mentioned 
previously, this step is significantly different when considering [M{N(SiMe3)2}2]2 5 or 
[M{CH(SiMe3)2}2(THF)2] 4 (M= Ca, Sr). The mild endo- or exothermicity of the catalyst 
initiation is dependent upon the identity of the alkaline earth element utilised and is 
characteristic of the resultant conjugate acid/base pair.133 It has been shown that for 
benzylamine the catalyst initiation of [(NacNac)Ca{N(SiMe3)2}(THF)] 1a is incomplete and 
can be characterised as a reversible equilibrium.14 Recent studies by Arrowsmith et al. 
emphasised that the analogous strontium catalyst shows similar behaviour for cases in which 
benzylamine is used as the substrate, however, different reactivity can be observed for the two 
M2+ cations in the reaction with 2-methoxyethylamine.133  
It was found that a comparable equilibrium to the benzylamine system exists for the reaction 
of piperidine with the calcium or strontium bis(amide) 5 (Scheme 63).  
N
H
+ +4 NM
2 2
[M{N(SiMe3)2}2]2
M = Ca, Sr
4 HN(SiMe3)2
 
Scheme 63. Reversible catalyst initiation. 
By comparing both catalytic systems by 1H NMR spectroscopy in d6-benzene two features 
became apparent (Scheme 64, tetrakis(trimethylsilyl)silane as standard, δ = 2.3 ppm). For 
both metals the equilibrium described in Scheme 63 lies on the side of the starting materials 
as only a small quantity of HN(SiMe3)2 (δ = 0.08 ppm) can be detected. Interestingly, only in 
the case of the calcium system different catalytic species are observed, apparent by the two 
peaks in the TMS-region at 0.31 and 0.30 ppm and two sets of signals in the piperidine region 
at 3.01 and 2.58 ppm and between 1.04 and 1.56 ppm. 
Piperidine region TMS-region 
 
 
 
Scheme 64: 1H NMR extracts for the strontium (above) and calcium system (below) at room temperature. 
ppm (t1)
0.0500.0750.1000.1250.1500.1750.2000.2250.2500.2750.3000.3250.3500.375
Sr
Ca
HN(SiMe3)2 
Si(SiMe3)4 
Si(SiMe3)4 HN(SiMe3)2 
N
[Ca]
 
 
N
[Ca]
 
Chapter II: Intermolecular hydroamination of styrene derivatives 69 
 
In contrast, the exchange of piperidine ligands and TMS-ligands at the strontium centre is so 
fast that at room temperature only averaged signals can be seen observed as multiplets at 2.4 -
2.65 and 1.10 - 1.35 ppm for the piperidine methylene groups and a broad singlet at 0.31 ppm 
for the trimethylsilyl groups. When cooling the reaction to -69 °C two separate sets of signals 
could also be seen for the strontium system. The peaks started to coalesce when warming the 
mixture up to -24 °C. In contrast the coalescence temperature for the calcium system is 
101 °C and best separation can be observed at 25 °C. By carrying out variable temperature 
NMR spectroscopy in d8-toluene the Gibbs free energy for this exchange is available over the 
simplified correlation shown in Eq. 5,224 where TC is the coalescence temperature and va and 
vb are the two frequencies in Hertz, at which two fully separated signals can be observed. 
     Δ"‡  19.1 · 10() · *+,9.97 . /0*+  /0|2  23|4      Eq. 5 
Applying Eq. 5, a Gibbs free energy of 48 kJ∙mol-1 for the strontium catalyst and 73 kJ·mol-1 
for the calcium system can be found. These numbers confirm the empirical observation that 
the ligands at the strontium centre exchange much faster than they do around the calcium 
core. This indicates that there is more flexibility around the strontium centre, which could be 
beneficial for catalysis as, especially in an intermolecular reaction, the different reaction 
partners have to assemble in close proximity. That the coalescence of the strontium 
resonances occurs well below room temperature shows that under typical catalytic conditions 
the Sr-amido and the amine moieties undergo interconversion at rates far in excess of the 
catalytic turnover frequencies. 
A fast external amine-amido exchange was also found in [(NacNac)Ca(NH-Bn)(THF)]2 2, if 
an excess of benzylamine is present.14 Ruspic et al. observed intramolecular site exchange 
between amine and amide ligands in [(NacNac)Ca(NH2)(NH3)2]2 and NMR studies yielded a 
Gibbs free energy of ΔG‡ = 47.3 kJ∙mol-1,26 which is a very similar activation parameter to the 
examined piperidine system. Comparable results were also found for lanthanide complexes 
such as [Cp*La(NHMe)(NH2Me)], in which two separated amine species can be seen at  
-100 °C and the Gibbs free energy is calculated as ΔG‡ = 50.2 kJ∙mol-1.  
 
4.3.4 Temperature variation 
The addition of piperidine to styrene catalysed by [Sr{N(SiMe3)2}2]2 5b (Scheme 61) and the 
analogous reaction catalysed by [Ca{N(SiMe3)2}2]2 5a were conducted at four different 
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reaction temperatures and monitored by 1H NMR spectroscopy to obtain Arrhenius and 
Eyring plots (Graph 8 for the strontium system). 
 
Graph 8. First-order plot at different temperature for the hydroamination  
catalysed by 10 mol% [Sr{N(SiMe3)2}2]2 at 0.28 M initial piperidine concentration. 
 
The corresponding Arrhenius and Eyring plot can be seen in Graph 9 and Graph 10, 
respectively. 
 
Graph 9. The Arrhenius plot for the two catalytic systems  
(10 mol% catalyst, [pip.] = 0.28 M). 
 
Graph 10. The Eyring plot for the two catalytic systems 
(10 mol% catalyst, [pip.] = 0.28 M). 
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Applying the Arrhenius and Eyring equations, the thermodynamic data of the hydroamination 
reaction mediated by calcium and strontium could be obtained, yielding an activation energy 
of 53.6 (4.6) kJ∙mol-1 for the calcium and 72.4 (4.2) kJ∙mol-1 for the strontium system. 
Standard errors were calculated using the least squares method for linear regression (cf. 
supplement). This outcome was at first puzzling as it was found that the strontium amide is 
the more active catalyst in the hydroamination reaction, yet gives rise to a larger activation 
energy. An explanation for this paradox was found by consideration of the data provided by 
the Eyring equation. The values for the enthalpy of activation were, as expected, very similar 
to the activation energies (Ca: Δ5‡ = 50.9 (4.6) kJ∙mol-1 and Sr: Δ5‡ = 70.7 (4.2) kJ∙mol-1). 
Interestingly, a significant difference was seen between the entropy figures with ∆S‡ = -167.6 
(13.7) J∙mol-1∙K-1for the calcium system and ∆S‡ = -92.2 (13.3) J∙mol-1∙K-1for the strontium 
system. The Gibbs free energy for the transition state is: 
 Δ"‡  Δ5‡  *Δ6‡          Eq. 6 
Hence, the bigger ∆S‡ and the smaller Δ5‡ the more favourable the reaction is. Calculating 
the Gibbs free energy at room temperature in the case of calcium results in Δ"‡ = 101.1 kJ∙mol-1, whereas the strontium reaction gives rise to Δ"‡ = 98.4 kJ∙mol-1. This 
difference of 2.7 kJ∙mol-1 could explain the different reactivity observed in the catalytic 
reaction. Although the calcium system is favoured by enthalpy, the strontium amide is the 
better catalyst from an entropic point of view. The higher the temperature the more significant 
the difference between the two heavier alkaline earth catalysts becomes. It seems that the C=C 
insertion transition state is more loosely assembled around the larger Sr2+ cation and this 
entropic freedom makes [Sr{N(SiMe3)2}2]2 ultimately the better catalyst compared to the 
calcium system. A more detailed discussion and a proposed reason for the large difference in 
entropy are presented along with the kinetic isotope effect in Chapter 4.3.5. 
 
As mentioned before, one characteristic of the application of heavier alkaline earth amides is 
that the reaction with amines such as piperidine is reversible. In addition the equilibrium lies 
on the side of the starting material and only a small amount of active catalyst species is 
formed (vide ante). To rule out the possibility that the different reactivity of strontium and 
calcium is based on this pre-equilibrium, kinetic studies for the hydroamination mediated by 
[M{CH(SiMe3)2}2(THF)2] (M = Ca, Sr) were conducted. As the hydroamination of styrene is 
already rapid at room temperature, the hydroamination of para-methoxystyrene was chosen in 
order to study the reaction at different temperatures (Scheme 65). 
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MeO NH MeO
N
+
[M{CH(SiMe3)2(THF)2] (2 mol%)
d6-benzene, 25 - 75 °C
M = Ca, Sr
 
Scheme 65. Hydroamination reaction mediated by strontium and calcium dialkyls used for the kinetic measurements. 
 
Only 2 mol% of catalyst was employed and the reaction mixture was more dilute 
([piperidine] = 0.22 M) than those used in the kinetic experiments undertaken for the 
bis(amide) precatalysts. These variations were necessary to obtain a sufficiently slow reaction 
to measure the rate constants even at higher temperatures. Identical reaction conditions for the 
strontium and calcium systems were employed so that the thermodynamic values are 
comparable. The obtained Arrhenius and Eyring plots can be found in the supplement and the 
activation enthalpy values can be calculated as 58.6 (3.9) kJ∙mol-1 and 65.0 (7.9) kJ∙mol-1 for 
the calcium and strontium dialkyls, respectively. The values for the entropy activation still 
show, albeit with a relatively large error, a significant difference with
-160.5 (11.5) J∙mol-1∙K-1for the calcium catalysis and -106.1 (25.1) J∙mol-1∙K-1for the 
strontium-mediated hydroamination reaction. The data are listed in Table 9 together with the 
results of the metal amide-mediated reactions (Entries 1-2). 
Table 9. Thermodynamic values for selected inter- and intramolecular hydroamination reactions. 
Entry Substrate Product Cat. ∆H‡/kJ∙mol-1 ∆S‡/J mol-1∙K-1 ΔG‡/kJ∙mol-1 
1(a) 
N
H
 
N(CH2)5
 
5a 
5b 
50.9 (4.6) 
70.7 (4.2) 
-167.6 (13.7) 
-92.2 (13.3) 
101.1 
98.4 
2(b) N
H
O
Me
 
N(CH2)5
O
Me
 
4a 
4b 
58.6 (3.9) 
65.0 (7.9) 
-160.5 (11.5) 
-106.1 (25.1) 
107.0 
96.6 
3(c) 
H2N
 
NH
 
5a 
5b 
78.7 (1.4) 
83.5 (3.2) 
-41.3 (4.8) 
-32.8 (9.7) 
91.0 
93.2 
4(d) H2N
 N
H
 
17 53.2 (5.9) -113.0 (20.9) 86.9 
5(e) 
MeMe3Si
H2N
 
Me3Si
N
 
32 72.0 (4.6) -108.4 (37.7) 104.3 
(a) Determined using [Sr{N(SiMe3)2}2]2 5b or [Ca{N(SiMe3)2}2]2 5a, 5 mol% in d6-benzene. (b) Determined using 
[Sr{CH(SiMe3)2}2(THF)2] 4a or [Ca{CHSiMe3)2}2(THF)2] 4b, 2mol% in d6-benzene. (c) 2 mol% in d6-benzene.133  
(d) Determined using [(Cp*)2LaCH(TMS)2] 17, 2.8 mol% in d8-toluene.186 (e) Determined using [Me2Si-η5-
Me4C5NdCH(TMS)2] 32 in d8-toluene.196 (f) ΔG‡ at 297.15 K. 
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It can be seen that the values for the strontium and calcium dialkyls diverge slightly from the 
data obtained for the corresponding amides. Whereas some of the variation can be attributed 
to the different styrene derivatives employed, conclusions can be drawn when comparing the 
metals to each other. The enthalpy difference between calcium and strontium decreased from 
19.8 kJ∙mol-1 for the bis(amide) catalysis to only 6.4 kJ∙mol-1 for the dialkyl catalyst. 
However, although the divergence in activation entropy also dropped from 75.4 J∙mol-1∙K-1 to 
54.4 J∙mol-1∙K-1, the major difference between the two catalysts systems is still due to the 
entropy value. The Gibbs free energy of activation for the transition state at 25 °C for 
[Ca{CH(SiMe3)2}2(THF)2] is 107.0 kJ∙mol-1, while that for [Sr{CH(SiMe3)2}2(THF)2] adds 
up to 96.6 kJ∙mol-1. Hence the ΔΔG‡ between both metal dialkyls is 10.4 kJ∙mol-1, which is a 
much more significant divergence compared to the 2.7 kJ∙mol-1 found for the amide systems. 
Although this could indicate that the pre-equilibrium present in the amide catalysis did indeed 
have an influence on the thermodynamic data, the standard errors of the values are fairly high, 
so exact conclusions cannot be drawn from the reading obtained. 
Arrowsmith et al. conducted detailed studies concerning the intramolecular hydroamination of 
aminoalkenes mediated by [M{N(SiMe3)2}2]2 (M= Ca, Sr). One example is listed in Table 9 
(Entry 3). The activation enthalpy values for this intramolecular hydroamination are higher 
than the styrene hydroamination (ΔΔH‡
 
= 27.7 and 12.8 kJ∙mol-1 for calcium and strontium 
bis(amides), respectively). The reason for this could be that the alkene functionality in the 
former case is non-activated, which increases the energy barrier for the rate-determining 
insertion into the metal-nitrogen bond. As expected for an intramolecular reaction the 
activation entropy values are considerably lower than is the case for the intermolecular 
hydroamination (ΔΔS‡ = 126.3 and 59.4 J∙mol-1∙K-1 respectively). Interestingly, the same trend 
can be found in the intra- and intermolecular reactions; the activation enthalpy value is lower 
for the calcium amide, but the strontium system is more favored entropically. In the 
intramolecular case the entropy values differ only by about 8.5 J∙mol-1∙K-1, so that the overall 
Gibbs free energy of activation for the intramolecular hydroamination reaction mediated by 
[Ca{N(SiMe3)2}2]2 is 2.2 kJ∙mol-1 lower at 297 K than that of the strontium catalysis. 
Two examples of lanthanide-catalysed hydroamination published by Marks and co-workers 
are also listed in Table 9 to further compare the obtained thermodynamic data (Entries 4-5). 
Surprisingly, the intramolecular hydroamination reaction (Entry 4) gave rise to an entropy 
value which is of a similar magnitude as that of the intermolecular hydroamination of styrene. 
In contrast to Entry 3, this cyclisation is not eased by the Thorpe-Ingold effect, which would 
decrease the activation entropy value. The second example (Entry 5) is an intermolecular 
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hydroamination reaction. Although an alkyne and a relatively poor nucleophilic amine were 
employed, similar thermodynamic values to the styrene hydroamination were found for this 
system. 
It seems that the activation parameters of a given hydroamination reaction are strongly 
dependent on the substrates and the nature of the catalyst employed. It can be concluded that 
the thermodynamic values show that [Sr{X(SiMe3)2}2(THF)n]m (X= N, n= 0, m=2; X= CH, 
n=2, m= 0) and their analogous calcium complexes are at least as active in intermolecular 
hydroamination reactions as corresponding lanthanide catalysts. This supports the results of 
the computational study discussed in Chapter 4.1. 
Overall, the modest values for the enthalpy of activation (50 - 70 kJ∙mol-1), found through the 
kinetic studies, suggest a concerted transition state with significant bond making to 
compensate for the bond breaking. On the other hand, large, negative activation entropy 
values for the hydroamination are established (-92 to -168 J·K·mol-1), which are typical for 
highly organised, polar transition states. In pseudobicyclic transition states similar high ΔS‡ 
values are observed due to significant loss of internal rotational degrees of freedom. For 
example, Cp’2ThR2-centred cyclometalation processes give rise to ΔS‡ = -42 to 
-100 J∙mol-1∙K-1 and is believed to be proceed via a transition state shown in Scheme 66.225,226 
Th
H
δ+δ
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δ+
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-
Th
 
Scheme 66. Example of a pseudobicyclic transition state. 
 
4.3.5 Kinetic isotope effects and mechanism summary 
Measuring kinetic isotope effect is a useful tool in mechanistic studies, as it can provide 
information about which bonds are broken, formed or re-hybridised during the rate-
determining step. It was hoped that by looking into the kinetic isotope effect of the calcium- 
and strontium-catalysed hydroamination reactions studied herein, further information could be 
gained about the significant difference in metal reactivity that was observed. In particular, the 
notable disparity between the calculated entropy values requires further explanation. The 
reaction of styrene with d-piperidine (> 95% deuteration) with both [Ca{N(SiMe3)2}]2 and 
[Sr{N(SiMe3)2}]2 yields exclusive deuteration of the β-methyl group characterised by a 1:1:1 
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triplet resonance at 33.6 ppm (1J13C-D = 19.2 Hz) in the 13C NMR spectrum and proven on the 
basis of 13C-1H correlation spectroscopy (Scheme 67). 
N
D
+
N
D
[M{N(SiMe3)2}2]2 (10 mol%)
d6-benzene, 55 °C, 0.23 M
M = Ca, Sr
 
Scheme 67. Deuterium distribution pattern of hydroamination product. 
This result gives evidence for the formation of a metal alkyl intermediate occurring out of 
concerted insertion of the double bond through a four-membered ring transition state. It also 
demonstrates that no further proton migration steps occurred during the reaction course. The 
same outcome was found in the intramolecular hydroamination of aminoalkenes catalysed by 
[(NacNac)Ca{N(SiMe3)2}(THF)] 1a.128 Moreover, this study showed that the alkyl 
intermediate is most likely not long-lived in the catalytic cycle and readily forms the more 
stable alkaline earth amide by either intra- or intermolecular σ-bond metathesis. 
It was found that the reaction rate of catalysis is accelerated by higher amine concentration 
and that the rate of strontium catalysis shows a higher dependence upon [amine] than the 
calcium system (Graph 5). This observation made the analysis for the kinetic isotope effects 
of both hydroamination catalysts worthwhile. Indeed kinetic runs of the reaction described in 
Scheme 67 with an excess of styrene yielded isotope effects of kH/kD = 4.3 (70 °C) and 4.1 
(55 °C) for [Ca{N(SiMe3)2}2]2, whereas a much higher ratio of kH/kD was found for 
[Sr{N(SiMe3)2}2]2 with 7.9 (55 °C). The maximum calculated kinetic isotope effect (KIE) at 
25 °C for a homolysis reaction involving a N-H bond, whose stretch appears in an IR 
spectrum at 3100 cm-1, should be approximately kH/kD = 8.5.227 In practice the KIE are smaller 
than this because the calculation involves the assumption of a 100% broken bond at the 
transition state, which is typically not the case. The magnitudes of the measured KIE are thus 
highly suggestive of a primary kinetic isotope effect,227 which would mean that the N-H bond 
is breaking during the rate determining step. However, rate-limiting protonolysis seems 
unlikely in light of the fast and irreversible σ-bond metathesis reaction of Group 2 dialkyls 
with amines as demonstrated by 1:1 analysis of catalyst initiation of 
[Sr{CH(SiMe3)2}2(THF)2] (cf. Scheme 55). This reaction demonstrates that protonolysis is 
much quicker than the observed catalytic turnover frequencies. In addition, the dramatic effect 
of alkene substitution upon the reaction rate is more easily explained by rate-determining 
alkene insertion than rate-limiting protonolysis. 
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In recent studies, Arrowsmith et al. measured KIEs for the cyclisation of (1-allylcyclohexyl)-
methylamine mediated by [M{N(SiMe3)2}2(THF)2] (M = Ca, Sr) with kH/kD = 4.5 and 3.5 for 
calcium and strontium, respectively.133 Gagne et al. found similar high KIEs for the 
intramolecular hydroamination of aminoalkenes catalysed by [Cp’2LaCH(SiMe3)2], for 
example the cyclisation of amino-2,2-dimethyl-4-pentene yielded kH/kD = 4.1 (25 °C).196 They 
also established substantial evidence supporting turnover-limiting olefin insertion and 
reasoned that the magnitude of KIEs indicates that a second equivalent of amine is present in 
the immediate coordination environment of the metal centre. Two transition states were 
proposed, which could be possible sources of the observed NH/ND kinetic isotope effect 
(Scheme 68). Both involve the stabilisation of the olefin insertion transition state through 
close coordination of a second equivalent of amine. In a) the negative charge at the α-carbon 
is stabilised, whereas in transition state b) the amine approaches from a lateral direction and 
the charge build up on the amide nitrogen is stabilised. Molecular modelling analysis has 
shown that a) is favoured from a steric point of view.196 
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Scheme 68. a) Ln-C protonolysis in the transition state. b) Amine-assisted amido insertion.196 
This model is further supported by very recent studies reported by Dunne et al., in which an 
isolable tri(oxazolinyl)phenylborate-supported magnesium amidoalkene did not undergo 
cyclisation until the addition of further quantities of aminoalkene or amine.138 A similar 
scenario can be envisioned in the intermolecular hydroamination reaction mediated by 
calcium and strontium bis(amides). It was found that the ligands around 
[Sr{N(CH2CH2)2CH2}2]n rapidly exchange under catalytic conditions with free piperidine 
yielding only averaged NMR ligand signals (Chapter 4.3.3.). In contrast, in the case of the 
analogous calcium compound at room temperature separated species of this amine-amido 
equilibrium could be observed. Besides this more flexible coordination sphere, Sr2+, as the 
larger Lewis acid, tends to adopt higher coordination numbers as can be seen in the solid state 
structure of [M{CH(SiMe3)2}(THF)n], where two THF molecules are bound to the metal 
centre in the case of the calcium complex, while three THF ligands can be found for the 
analogous strontium compound. With regard to these observations and considering the high 
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KIEs found and the first-order amine dependence a modified transition state is proposed, in 
which out of simplicity the strontium is shown as being mononuclear (Scheme 69).  
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Scheme 69. Possible source of the NH/ND kinetic isotope effect.  
In the transition state shown, the highly negatively polarised carbon atom is stabilised by the 
NH-functionality of an additional amine molecule. In contrast to the proposed transition state 
for lanthanide-catalysed intramolecular hydroamination, a second or even a third amine 
molecule has space to coordinate the metal in the transition state, so that the developing 
negative charge on the nitrogen atom can be stabilised, significantly. These two coordination 
modes will lower the energy of the reaction profile noticeably and would account for the large 
kinetic isotope effect found and the established rate law. In this model, permanent amine 
coordination occurs during the turnover-limiting olefin insertion. It can even be envisioned 
that the Sr-C bond (or Ca-C bond) is protonolysed as it is being formed ensuring irreversible 
insertion. 
In order for these stabilising effects to occur the transition state has to be highly organised, 
which stands in agreement with the large, negative activation entropy values measured in the 
variable temperature studies. It was found that, in comparison, the calcium catalyst shows a 
much more negative entropy of activation and that this accounts for the lower reactivity 
compared to [Sr{N(SiMe3)2}2]2. As the strontium centre has, most likely, more amine 
molecules in its direct coordination sphere, the amine-assisted insertion shown in Scheme 69 
can occur out of a less organised transition state and should therefore more easily take place. 
On the other hand, at the calcium centre, with potentially less piperidine molecules in close 
proximity, a more organised intermediate is necessary to reach the same low lying transition 
state, which is reflected in the high negative activation entropy value measured, of up to
 -168 J∙mol-1∙K-1. 
The present KIEs are very large even compared to the substantial KIEs found in the literature. 
This is probably because no supporting ligands or coordinative binding solvent molecules 
block the coordination sites of the metal centre. Therefore the “free”, highly Lewis acidic 
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metal centre will be surrounded by donating amines under catalytic conditions (excess amine) 
and a great difference will be observed when changing from NH to ND.  
In summary, through kinetic studies, the rate law, the thermodynamic parameters and the 
kinetic isotope effects of the catalytic systems under study has been established. The pre-
equilibrium that exists for the reaction of [M(N{SiMe3}2)2]2 with piperidine has only a little 
effect on the overall catalytic cycle and both calcium and strontium catalysts give rise to 
significantly different values for the enthalpy and, in particular, the entropy of activation. The 
rate-determining step is the amine-assisted insertion of the C=C-double bond into M-N and 
the high kinetic isotope effects suggest concurrent N-H bond breaking/C-H bond formation. 
The relative barrier heights for alkene insertion into M-N bonds may be viewed as a result of 
a compromise between the polarity of the M-N bond (therefore the ability to induce a dipole 
in a non-polarised alkene), the polarisability of the M2+ cation and the consequent ease of 
electronic reorganisation toward C-N and C-M bond formation. 
 
4.4 Solvent variation 
4.4.1 Styrene hydroamination in THF 
In hydroamination reactions mediated by Group 1 catalyst additives such as tertiary amines or 
ethers were shown to improve the selectivity and rate of the reaction. Horrillo-Martinez et al. 
studied the [LiN(SiMe3)2]-catalysed anti-Markovnikov hydroamination of vinylarenes.173 
Besides looking at the scope and limitations, it was found that the addition of TMEDA or (-)-
sparteine results in a ligand-accelerated catalytic reaction. Computational studies of the 
catalytic cycle showed that the coordination of TMEDA decreases the Gibbs activation 
energy for the rate-determining nucleophilic addition step of [Li-NHCH2Ph] to styrene by 
10.4 kJ∙mol-1 in comparison to the same reaction step in the absence of TMEDA. In contrast 
to these results, adding any additional donor functionalities to the intermolecular 
hydroamination catalysed by [M{N(SiMe3)2}2]2 (M= Ca, Sr) showed drastic rate inhibition. In 
different experiments TMEDA or THF were added to the hydroamination of styrene to 
potentially enhance the solubility any intermediate catalytic species formed and improve 
reactivity. Furthermore, in order to induce an asymmetric environment (-)-sparteine was 
added to the hydroamination/cyclisation of 1-amino-2,2-dimethyl-4-pentene. However, in all 
these experiments a significantly slower reaction occurred compared to the reaction in pure 
benzene. 
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More surprising was the finding that intermolecular hydroamination reactions catalysed by 
[M{CH(SiMe3)2}2(THF)2] showed a drastic increase in reactivity when the reaction was 
performed in d8-THF. The reaction mediated by the strontium dialkyl 4b occurred about 70 
times faster when the more polar solvent d8-THF was used, yielding a ratio of kbenzene/kTHF = 
0.014. In contrast, the opposite effect was found for the addition of piperidine to styrene 
catalysed by [Sr{N(SiMe3)2}2]2 resulting in a more than 17 times slower conversion in d8-
THF compared to the identical reaction in d6-benzene with kbenzene/kTHF = 17.4 (Scheme 70). 
k(d6-benzene)
k(d8-THF)
= 17.4
k(d6-benzene)
k(d8-THF)
= 0.014
[Sr{N(SiMe3)2}2]2, Styrene [Sr{CH(SiMe3)2}2(THF)2], Methoxystyrene
 
Scheme 70. Rate ratio of solvent dependent on the nature of the catalyst 
(5 mol% cat. RT, [Pip.] = 0.23 M). 
 
 
In the case of the strontium dialkyl the solvent dependence was established on the basis of the 
addition of piperidine to para-methoxystyrene, whereas the same ratio was studied for the 
strontium amide-mediated synthesis of the hydroamination of styrene and piperidine as a 
more activated system was needed to reach reasonable reaction times. The ratios found show 
clearly that the solvent dependence is significantly different depending on the catalyst used. 
This result was rather puzzling and further experiments were necessary to try to explain these 
two different phenomena.  
 
At first the influence of the number of the added THF equivalents on the rate of 
hydroamination was examined to assess whether an optimal benzene-THF ratio could be 
established. The hydroamination of para-methoxystyrene mediated by 
[Sr{CH(SiMe3}2(THF)2] was chosen as a test reaction, because it was a controlled, but fast 
enough reaction for analysis at room temperature (Table 10, Graph 11). The set of 
experiments show that there is an exponential relationship between the equivalents of THF 
added and the resulting rate of the reactions. Significant reaction acceleration could already be 
seen by adding 1 or 2.5 equivalents of THF, but even between 10 and 15 equivalents a drastic 
difference in conversion was observed. 
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Table 10. Stepwise THF addition.(a) 
N
H
+
[Sr{CH(SiMe3)2}2(THF)2](2 mol%), RT
d6-benzene/d8-THF N
MeO
MeO
 
 
Equ. THF half-life / min 
0 195 
1 165 
2.5 90 
4 60 
5 40 
10 ~10 
15 ~2 
(a) Reaction conditions: 2 mol% catalyst, 
       piperidine:styrene = 1:1, 0.38 M. 
 
 
Graph 11. Effect of the stepwise replacement of benzene  
by THF on the reaction rate. 
 
This study indicates that it is not the donor ability of THF alone that is responsible for the 
observed rate acceleration, but that the polarity of the reaction environment is of great 
importance. In addition, these experiments show that reactivity can be controlled by the 
amount of THF added; this can be a very useful tool for optimising reaction conditions with 
respect to selectivity and conversion rate. More solvents were tested in the hydroamination of 
diphenylacetylene, where the importance of a highly polar solvent is further demonstrated 
(Chapter 5).  
One difference between the application of the bis(amide) and dialkyl is the presence of 
HN(SiMe3)2. This amine is believed to inhibit the hydroamination reaction as the amine 
substrate and HN(SiMe3)2 compete in the reaction with the metal centre. To test this theory 
two reactions catalysed by [Sr{CH(SiMe3)2}2(THF)2] were conducted, one with HN(SiMe3)2 
as an additive and one without (Scheme 71). As a reference the identical hydroamination 
reaction mediated by [Sr{N(SiMe3)2}2]2 was also examined. All three reaction mixtures were 
monitored by 1H NMR spectroscopy and the conversions were compared after 3 h at room 
temperature. 
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N
H
+
[Sr{CH(SiMe3)2}2(THF)2](5 mol%), RT, 3 h
NMeO
d6-benzene, 0.35 M
conditions conversion / %
100
17
15
No additives
10 mol% HN(SiMe3)2
[Sr{N(SiMe3)2}2]2
as catalyst
MeO
 
Scheme 71. Inhibition experiments. 
The addition of 10 mol% of HN(SiMe3)2 already inhibits the reaction considerably as less 
than one-fifth of the original conversion is achieved and a reactivity similar to the 
[Sr{N(SiMe3)2}2]2 catalyst can be observed (Scheme 71). This study shows one of the reasons 
for the considerable higher reactivity of the dialkyl catalysts in the hydroamination reaction, 
but does not explain the difference in solvent dependence. 
As shown before, the metal bis(amides) form a reversible equilibrium with piperidine, while 
the reaction of [Sr{CH(SiMe3)2}2(THF)2] with piperidine is instantaneous and irreversible 
(Scheme 72). In order to investigate the different observed solvent dependence, equilibrium A 
was examined in d6-benzene and d8-THF. 
HN4 + [Sr{N(SiMe3)2}2]2 4 HN(SiMe3)2Sr N
2
+
HN4 + [Sr{CH(SiMe3)2}2 4 H2C(SiMe3)2Sr N
2
+
A.
B.
(THF)2]
2
2
 
Scheme 72. Catalyst initiation dependence in the two catalytic systems. 
 
As the ligand exchange around the metal centre is slower at calcium (vide supra), the NMR 
spectra were easier to analyse and therefore catalyst initiation was further studied on the basis 
of [Ca{N(SiMe3)2}2]2. The 1H NMR spectrum did not give a clear picture as the signals of the 
free amine HN(SiMe3)2 and the bound amide in [Ca{N(SiMe3)2}2]2 overlap. However, the 
13C NMR spectrum undoubtedly showed a difference in catalyst initiation between the two 
solvents. Scheme 73 shows an extract of the 13C NMR spectra (B and D) along with the 
spectra of HN(SiMe3)2 in d8-THF and in d6-benzene (A and C). In d8-THF no free 
HN(SiMe3)2 is visible (Scheme 73, B), in contrast to the situation in d6-benzene, where a 
small peak of HN(SiMe3)2 can be identified (Scheme 73, D). 
Chapter II: Intermolecular hydroamination of styrene derivatives 82 
 
 
Scheme 73. Extract of the 13C NMR spectra of A) HN(SiMe3)2 in d8-THF. 
 B) [Ca{N(SiMe3)2]2 and piperidine (1:2) in d8-THF. C) HN(SiMe3)2 in d6-benzene. 
D) [Ca{N(SiMe3)2]2 and piperidine (1:2) in d6-benzene. 
 
Although the equilibrium could not be further quantified, it is apparent from these spectra that 
in d8-THF catalyst initiation lies even more towards the side of the starting materials than is 
the case in d6-benzene. This means that in hydroamination reactions catalysed by 
[M{N(SiMe3)2}2]2 in THF, a smaller amount of active catalyst is formed compared to the 
reaction in benzene. In the case where the metal dialkyls are used for the hydroamination of 
styrene and piperidine, the catalyst initiation yields full conversion to the active species [M-
{N(CH2CH2)CH2}2]n, and this is independent of the solvent employed. Therefore it can be 
concluded that the different equilibrium constants of the conversion shown in Scheme 72 are 
responsible for the opposite solvent effect dependent on the catalysts employed. 
 
In the intramolecular hydroamination reaction mediated by 
[(NacNac)Ca{N(SiMe3)2}(THF)]128,133 or [Cp’LaCH(SiMe3)2]196 it was found that catalyst 
reactivity decreases when performing the reaction at high THF concentration. In these studies, 
it was reasoned that competitive coordination of alkene and THF were responsible for the 
observed inhibition. On the other hand, as in the intermolecular case, the catalyst goes through 
a highly polarised transition state in the rate determining step, therefore stabilisation through 
polar, coordinating solvents seems reasonable. In heavier alkaline earth catalysts only a few 
examples of such drastic solvent effects have been reported. The hydrogenation of 
diphenylethene catalysed by early main-group catalysts proved to be sensitive to solvent 
polarity.153 A polar medium such as THF or a THF-HMPA mixture was found to be rate-
enhancing, but the higher reactivity was accompanied by side reactions derived from 
ppm (t1)
2.503.003.504.004.505.005.506.006.50
[Ca{N(SiMe3)2}2]
HN(SiMe3)2
A
B
System in d8-THF
ppm (t1)
2.002.503.003.504.004.505.005.506.00
HN(SiMe3)2
[Ca{N(SiMe3)2}2]
C
D
System in d6-benzene
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dimerisation/hydrogenation, which were not observed when conducting the reaction in 
benzene. Furthermore, the highly polar co-solvent HMPA was found to be essential in the 
dehydrogenative silylation of amines and alkynes mediated by dibenzylcalcium catalysts or 
azametallacyclopropane calcium complexes.228 It is likely that in these examples any in situ 
generated “Ca-H2” is kept in solution by the strongly donating solvents, which may be 
essential for efficient catalytic turnover. Another example can be found in heavier alkaline 
earth-mediated hydrophosphination reactions. The use of the heteroleptic calcium catalyst 
[(NacNac)Ca{N(SiMe3)2}(THF)] in benzene proved to be essential in the hydrophosphination 
of alkenes as the simple amide [Ca{N(SiMe3)2}2(THF)2] gave a much slower reaction due to 
the precipitation of insoluble [Ca(PPh2)2(THF)2].143 In contrast Al-Shboul et al. reported that 
[Ca(PPh2)2(THF)2] in THF is an excellent catalyst for the hydrophosphination of 
diphenylacetylene and 1,4-diphenylbutadiene.229 These examples show that the choice of 
solvent can make a significant difference in Group 2 metal-mediated catalysis and show that 
more research is required to fully understand the observed altered reactivity. 
 
4.4.2 Polymerisation and oligomerisation of styrene 
Polymerisation of styrene 
During the study of the strontium dialkyl-catalysed hydroamination of unsubstituted styrene 
(see Chapter 4.1), the solution turned characteristically yellow or at higher concentrations 
intense red. Although the isolated yields of the hydroamination product were high, 
polymerisation was observed in the background. To analyse this further, styrene was reacted 
with a catalytic amount of [Sr{CH(SiMe3)2}2(THF)2] in the absence of amine. Whereas 
instant polymerisation and a high polydispersity was observed in the case of a batch reaction, 
more controlled polymerisation conditions showed the characteristics of living anionic 
polymerisation (Scheme 74, Graph 12). 
n
[Sr{CH(SiMe3)2}2(THF)2] (4 mol%)
toluene, 0°C, 2.5 h
PD = 1.43
n
Ph
 
Scheme 74. Controlled polymerisation of styrene. 
The polymer thus obtained was characterised using GPC in DMF. The distribution plot is 
shown in Graph 12. 
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Graph 12. Distribution plot of the strontium-catalysed polymerisation. 
As expected a relatively low polydispersity typical for living anionic polymerisation was 
obtained. Two points are noticeable when analysing the molecular weight distribution. Firstly, 
and most importantly, it is possible to distinguish between two polymers with different 
molecular weights; a lower molecular weight polymer with an average weight of 8000 and a 
polydispersity of 1.1 and a higher molecular weight polymer, with a weight of around 20000 
units, which has a polydispersity of 1.3. This illustrates that styrene is not converted by an 
ideal living anionic polymerisation mechanism. The two distributions may be due to 
unwanted termination mechanisms during polymerisation. Another possibility would be that 
two chain-ends couple together to give the higher molecular weight polymers. The second 
notable point is that the distribution is cut off as only molecular weights over 600 units are 
observable. It is likely that the lower molecular weights were soluble in methanol and were 
washed away during the work up. The polymer was also analysed with NMR spectroscopy 
and compared with literature results, which show that under these non-optimised reaction 
conditions atactic polystyrene was formed.  
 
Brintzinger, Harder and Knoll have earlier developed synthetic routes towards well-defined 
organometallic complexes of the heavier Group 2 metals (Ca, Sr, Ba).230 Initial research was 
focused on heteroleptic barium complexes. Although high reactivity was observed with ansa-
metallocene based complexes, only atactic polystyrene was obtained.111 More successful was 
the application of benzylcalcium catalysts as these compounds are more stable towards ligand 
exchange. Through careful optimisation of the reaction conditions and ligand design, control 
of reactivity and selectivity was achieved and highly syndiotactically-enriched polystyrene 
was obtained (cf. Chapter 3.1). In the literature strontium-mediated polymerisation of styrene 
is not well documented. However, it has been shown that polymerisation can occur in a living 
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syndioselective fashion.62,231 As already mentioned in the introduction, polymerisation with 
the more ionic strontium initiator is faster, but also less selective compared to the calcium 
initiation, because the strontium-carbon bond is more ionic and weaker, which causes fast 
chain inversion. 
 
Oligomerisation of styrene 
 
It has been shown that a drastic rate acceleration is observed in the hydroamination of styrene 
mediated by [M{CH(SiMe3)2}2(THF)2] (M= Ca, Sr) when altering the solvent from benzene 
to THF. The hydroamination of electron-rich styrene derivatives such as para-methyl- and 
para-methoxystyrene and piperidine occurs rapidly and cleanly to the anti-Markovnikov 
product even at room temperature (vide infra). However, the alkaline earth dialkyls are so 
reactive in THF that considerable oligomerisation and polymerisation occur during the 
hydroamination of unsubstituted styrene with piperidine. Interestingly, if 
[Ca{CH(SiMe3)2}2(THF)2] is used as the catalyst, a mixture of the hydroamination product 18 
and a second, new compound can be isolated in a 2:1 ratio. Purification and characterisation 
identified the newly formed product as the double insertion product 33. A series of 
experiments were conducted in order to influence the product ratio by varying the reaction 
conditions such as concentration, catalyst loading and temperature (Table 11). The results in 
Table 11 show that a change in concentration, catalyst loading and temperature between 0 and 
60 °C only have a small influence on the insertion product ratio 18:33 (Entries 1-8). However, 
in the presence of an excess of piperidine less than 5% of the double insertion product is 
formed and the hydroamination product 18 is formed in high yields (Entry 9). In contrast, by 
conducting the experiment at high styrene concentration a 2:1 ratio of 18:32 is again 
observed, but in considerably lower yields as oligomerisation/polymerisation products with 
higher molecular weights predominates (Entry 10). 
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Table 11. Hydroamination/oligomerisation studies of styrene in d8-THF. 
[Ca{CH(SiMe3)2}2(THF)2]
+
N
H
(cat.)
THF, 18 h
N
+ N
18 33
 
Entry 
Amine: 
styrene 
mol% of catalyst 
Concentration / 
mol-1·L 
18:33 (Total 
Yield / %)(b) 
1 1:1 5 0.28 2: 1 (66) 
2 1:1 5 0.18     1.7 : 1 (66) 
3 1:1 5 0.094     1.4 : 1 (55) 
4 1:1 2 0.28 2 : 1 (77) 
5 1:1 10 0.28      1.7 : 1 (68) 
6 1:1 15 0.28      1.1 : 1 (74) 
7 1:1 5 0.28(c)      3.3 : 1 (69) 
8 1:1 5 0.28(d) 2 : 1 (53) 
9 10:1 5 0.28      25 : 1 (95) 
10 1:10 5 0.28 2 : 1 (27) 
11 1:1 5 0.28(e) 
Mainly 
Oligomerisation 
(a) Reaction conditions: room temperature, [Ca{CH(SiMe3)2}2(THF)2] 4b as catalyst, solvent: THF, in sealed 
tube. (b) Determined by 1H NMR spectroscopy. (c) T = 60 °C. (d) T = 0 °C. (e) T =  -78 °C – 0 °C. 
 
These results emphasise that in this reaction competition occurs between insertion of 
additional styrene into the in situ formed Ca-C bond and protonolysis by piperidine, yielding 
the double- or mono-insertion product, respectively. The higher the concentration of the 
amine, the more favoured the protonolysis, whereas oligomerisation occurs at high styrene 
concentration. Interestingly, under kinetic conditions at -78 °C no mono- or di-insertion 
products can be observed and only oligomers are formed (Entry 11). This indicates that at 
temperatures as low as -78 °C, once the Ca-C bond is formed, further alkene insertion is 
energetically favoured compared to the protonolysis step. 
 
Hydroamination as a route to nitrogen-containing oligomers has been realised by Stephan et 
al. through the reaction of H2N-C6H4-p-C7CPh with 10 mol% of Ti(NR2)4 (R= Me, Et) at 
70 °C for 3.5 days.232 Amin et al. studied the organolanthanide-catalysed synthesis of amine-
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capped polyethylenes.233,234 As organolanthanide complexes are both effective in olefin 
hydroamination and polymerisation processes, both reactions can be coupled to use amines as 
chain transfer agents in catalytic olefin polymerisation. The proposed mechanism is analogous 
to the lanthanide-catalysed hydroamination (Scheme 75). 
Cp*
Cp*
NR2Ln
H
NR2
NR2
Cp*
Cp*
Ln
i.
ii.
iii.
Cp*
Cp*
Ln NR2
n
NR2
n
HNR2
n
 
Scheme 75. Proposed mechanism for the synthesis of amine-capped polyethylenes catalysed by Cp*2Ln(NR2). 
 
In order for this catalysis to be successful a careful tuning of the steric and electronic 
characteristics of the amine chain transfer agent is essential. The olefin insertion/activation 
barrier (Scheme 75, Step i) has to be adequately low and the following chain propagating 
(Step ii) must be faster than chain-terminating protonolysis. In addition the protonolysis for 
chain termination has to be sufficiently fast to control the polymer chain length or the product 
(Step iii). In a series of experiments seven different primary and secondary amines were 
tested, but only dicyclohexylamine yielded high molecular weight amine-terminated 
polyethylenes.234 These studies showed that a complex interplay of steric and electronic 
characteristics contributes to chain-transfer efficiency in the organolanthanide-mediated 
amine-polymerisation. The studies described in Table 11 are only preliminary results, but 
clearly show that further optimisation studies could lead to a similar catalytic system 
catalysed by [Ca{CH(SiMe3)2}2(THF)2] and/or [Sr{CH(SiMe3)2}2(THF)2]. Amine-terminated 
polyolefins have broad applications, for example in drug and gene delivery, anti-bacterial 
treatments, sensors or adhesives and ion-exchange resins.235-238 
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5. Hydroamination of dienes 
Another group of activated alkenes are 1,3-dienes. These substrates are likely to be more 
reactive than the corresponding alkenes because the conjugated double bond substitution 
should delocalise and hence stabilise the charge distribution in the insertive transition state. 
Various catalysts are able to mediate the intramolecular hydroamination of aminodienes. In 
2002 Hong et al. reported the cyclisation of conjugated aminodienes catalysed by 
organolanthanide complexes.239 Further studies revealed that the mechanism is analogous to 
monosubstituted aminoalkene hydroamination, with turnover-limiting C=C insertion into the 
Ln-N bond to presumably form a Ln-η3-allyl intermediate, followed by rapid protonolysis 
(Scheme 76).188  
H
N
n
[Ln]
H
N
n
[Ln]
H
N
n
H
N
n
+RNH2
-[Ln]NRH
∆H = ~+4 kcal/mol
∆H = ~+7 kcal/molA B
C
D
 
Scheme 76. Intramolecular hydroamination of a simple dienes mediated by a lanthanide catalyst.164 
The transition state of the intramolecular hydroamination of aminodienes is more sterically 
demanding than the corresponding transition state in the cyclisation of aminoalkenes. 
Protonation of the intermediate η3-allyl species B yields predominantly the 
thermodynamically favoured E/Z vinyl heterocycles (Scheme 76, C). However, the nature of 
the catalyst can have a strong influence on the product distribution and can lead to formation 
of the terminal alkenes as the main product (Scheme 76, D).119 
Very recently, an asymmetric, intramolecular addition to dienes catalysed by a 
dithiophosphoric acid has been reported in exceptionally high yields and enantiomeric excess 
(Scheme 77, a).240 Stoichiometric studies indicate that asymmetric induction occurs through 
covalent bonding of the conjugate base of the Brønsted acid with the carbocation formed in 
situ (covalent catalysis). 
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Scheme 77. Examples of intra- and intermolecular 1,3-diene hydroamination reactions found in the literature. 
In contrast, the simple, mild 1:1 intermolecular addition of amines to dienes is rather more 
difficult to achieve and only a few efficient examples are reported in the literature. In addition 
to the entropic disadvantage, 1,2- and 1,4-hydroamination products can occur, which makes 
the control of regioselectivity more challenging, and complicated mixtures are obtained along 
with products of side reactions, such as polymerisation and telomerisation.241-243 
The intermolecular hydroamination of 1,3-dienes has been studied mainly for late transition 
metals. In 2001 Löber et al. were the first to report the efficient and selective palladium-
catalysed addition of arylamines to 1,3-cyclohexadiene, including an enantioselective version 
with up to 95% ee (Scheme 77, b).244 A broader variety of 1,3-dienes could be hydroaminated 
by aniline using a sp2-hybridised phosphorus ligand studied by Minami et al., although 
mixtures of 1,2- and 1,4-products were obtained (Scheme 77, c).245 Since then efforts in 
palladium-165,246,247, nickel-,248 iridium-211 and ruthenium-mediated183 catalysis have been 
made to improve scope, functional group tolerance, yields and enantioselectivity. 
Intermolecular 1,3-diene hydroamination mediated by gold has been reported only recently 
and acyclic dienes are aminated regioselectively at the less hindered position. However, the 
reaction works exclusively for carbamates und sulfonamides.249,250 A new catalytic system 
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that can be used for intermolecular hydroamination catalysis constitutes of an equimolar 
mixture of Bi(OTf)3 and Cu(CH3CN)4PF6, which promotes the 1:1 hydroamination of cyclic 
and acyclic dienes with various carbamates, sulphonamides and carboxamides to afford allylic 
amines in good yield (Scheme 77, d).251 
 
5.1  Hydroamination of isoprene and myrcene 
In the process of establishing the reactivity differences between different alkaline earth metal 
catalysts, calcium and strontium bis(amides) were tested in the hydroamination of isoprene 
with benzylamine (Scheme 78). Isoprene contains two double bonds, which differ little from 
each other with respect to steric hindrance and electronic properties. The substrates were 
allowed to react in a 1:1-ratio at 60 °C with 10 mol% of [M{N(SiMe3)2}2]2 (M = Ca, Sr). The 
product was obtained as a mixture of two regioisomers 34 and 35 with the internal alkene 34 
as a major product. 
NH2
+
[M{N(SiMe3)2}2]2 (10 mol%)
neat, 60 °C
H
N
H
N
+
M = Ca: 16 days
= Sr: 3 days
35
34
34:35 = 83:17
 
Scheme 78. Addition of benzylamine to isoprene. 
It was again revealed that the strontium complex shows higher reactivity in the intermolecular 
catalytic hydroamination reaction than the analogous calcium complex; full conversion of 
isoprene could be obtained after three days with the strontium catalyst, whereas the reaction 
mediated by the calcium catalyst took 16 days to reach completion. A proposed isomerisation 
mechanism, which would explain the outcome of the two products, is outlined in Scheme 79. 
The addition of the activated amine functionality to isoprene takes place exclusively at the 
mono-substituted double bond to form intermediate A. Complex A can react directly with a 
second molecule of benzylamine to complete the catalytic cycle, giving the non-isomerised 
product 35. However, A is also in equilibrium with the readily accessible η3-complex B and 
η
1
-complex C. If intermediate C reacts with a second molecule of benzylamine the isomerised 
product 17 is obtained. In the regioisomer 34 the terminal double bond has migrated, so that 
the thermodynamically more stable internal alkene is generated. 
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Scheme 79. Schematic isomerisation mechanism for the formation of the major product 34. 
 
It is noteworthy that 34 is formed preferentially yielding a ratio of 83:17 for 34:35. To obtain 
increased regioselectivity it is probably necessary to introduce more substituents on the diene 
system, which could influence the rate and position of the equilibrium shown in Scheme 79. 
Also variation of the amine and/or the catalyst could improve the ratio of the regioisomers 
(vide infra). 
In the hydroamination of isoprene with benzylamine small amounts of double hydroamination 
products were also observed (< 5%). In the case where 1.3 equivalents of isoprene were added 
to the reaction mixture, about 20% of the double hydroamination product 36 was formed, 
showing the possibility of governing the product outcome of the hydroamination by 
controlling the amount of diene added (Scheme 80). 
Ph NH2+ Ph N
H
Ph NPh N
H
+ +1.3
[Sr{N(SiMe3)2}2]2(10 mol%), neat
60 °C, 3 days
34 35 36
 
Scheme 80. Hydroamination of benzylamine with an excess of isoprene. 
 
The hydroamination of isoprene was also accomplished with the secondary amine piperidine. 
Under dilute reaction conditions, the hydroamination of isoprene was shortened to only 24 h 
and 12 h with the application of [Ca{N(SiMe3)2}2]2 and [Sr{N(SiMe3)2}2]2, respectively 
(Table 12, Entries 1-2). Furthermore, when using piperidine as amine compared to the 
analogous reaction with benzylamine, higher regioselectivity towards the internal alkene 37 
was achieved yielding 37 to 38 in a ratio of 94:6 and 92:8, for the calcium and strontium 
catalysts, respectively. Applying the calcium and strontium dialkyls 4a and 4b in the 
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hydroamination of isoprene with piperidine, showed again the superior reactivity in contrast 
to the metal bis(amides). Full conversion after 9 h at 60 °C was observed when the reaction 
was mediated by the calcium dialkyl, while the analogous strontium catalyst yielded the 
hydroamination products after only 6 h at room temperature and 5 mol% catalyst loading 
(Table 12, Entries 3-4). 
 
Table 12. Hydroamination of isoprene catalysed by alkaline earth bis(amides) and dialkyls. 
N
H
+ NN +
catalyst (1-10 mol%), RT/60 °C
d6-benzene, 6 - 72 h
37 38
 
 Catalyst 
Loading / 
mol% 
time / h T / °C 37:38 (yield / %)(b) 
1 [Ca{N(SiMe3)2}2]2 10 24 60 94:6 (80:5) 
2 [Sr{N(SiMe3)2}2]2 10 12 60 92:8 (71:6) 
3 [Ca{CH(SiMe3)2}2(THF)2] 10 9 60 91:9 (76:7) 
4 [Sr{CH(SiMe3)2}2(THF)2] 5 6 25 97:3 (14:0.4)(c) 
5 [Sr{CH(SiMe3)2}2(THF)2] 1 72 25 98:2 (50:0.9)(d) 
(a) Reaction conditions: Isoprene:piperidine = 1.3:1, 0.2 M in d6-benzene. (b) NMR yield. (c) Visible 
polymerisation as side product. (d) Concentration 0.17 M, still 40% piperidine left. 
Besides the outstanding reactivity, it is striking how high the regioselectivity is when applying 
the strontium dialkyl in the hydroamination of isoprene as the internal alkene 37 was formed 
almost exclusively (Table 12, Entries 4-5). The highly reactive [Sr{CH(SiMe3)2}2(THF)2], 
however, is prone to polymerising isoprene, which explains the low yield of 14%. It was 
found that by lowering the concentration of the reaction mixture and decreasing the catalyst 
loading, hydroamination was favoured over polymerisation and a moderate, unoptimised yield 
of 37 of 51% was achieved (Table 12, Entry 5). 
 
The hydroamination of myrcene with diethylgeranylamine, an important precursor of (-)-
menthol, is one of the few hydroamination reactions carried out on an industrial scale.252 The 
disadvantage of the process is the necessity to use alkali metals, especially lithium, which 
renders the process relatively expensive. Therefore myrcene is an interesting substrate to be 
studied. 
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The hydroamination of myrcene and piperidine catalysed by strontium bis(amide) converted 
smoothly to the corresponding addition products after 4 h at 60 °C (Scheme 81). 
N
N
N
H
+
[Sr{N(SiMe3)2}2]2 (10 mol%)
0.2 M, d6-benzene, 60 °C, 4 h
+
39
40
39:40 = 93:7
 
Scheme 81. Hydroamination of myrcene and piperidine catalysed by [Sr{N(SiMe3)2}2]2. 
As in the hydroamination of isoprene and piperidine, the addition of the amine occurred 
exclusively on the mono-substituted C=C double bond and high selectivity towards the 
internal alkene hydroamination product 39 was observed. Interestingly, the hydroamination of 
isoprene took, under identical conditions, three times longer compared to the hydroamination 
of myrcene (12 h versus 4 h). Both dienes are quite similar with respect to the substitution 
pattern, but differ in the geometry of the double bonds. These experiments indicate that Z,Z-
dienes are significantly more easily converted into the hydroamination product by heavier 
alkaline earth metal amides than is the case for E,Z-dienes. A possible reason could be that the 
in situ formed η3-allyl complex can be stabilised more efficiently by the amine functionality 
in the case of the hydroamination of the Z,Z-isomer. The η3-allyl intermediate is not stabilised 
to such an extend in the case of the E,Z-diene (Scheme 82). 
R
R
R
R2N
[M]Ln
+ R2N-[M]Ln
+ R2N-[M]Ln RR2N
[M]Ln
R
R2N [M]Ln
E,Z-diene
Z,Z-diene
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Scheme 82. Proposed η3-allyl metal species for E,Z- and Z,Z-diene hydroamination. 
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5.2 Application of more complex dienes and 1-pentene 
Attempted hydroamination of 4-vinyl-1,2-dihydronaphthalene 41 
Hydroamination reactions mediated by heavier group two metals are novel reactions and 
therefore few substrates have been tested so far. One ambitious aim of the project was the 
application of Group 2 metal-mediated hydroamination in natural product synthesis, e.g. the 
synthesis of lysergic acid. Therefore the bicyclic diene 41 was synthesised and tested in the 
hydroamination reaction (Scheme 83).  
41
[Ca{N(SiMe3)2}2]2 (13 mol%),
10 h, 60 °C
NH2
42
(10 mol%)
 
Scheme 83. Isomerisation of 41 catalysed by the calcium bis(amide) 5a. 
However, the catalytic 1:1-reaction between diene 41 and benzylamine did not result in a 
hydroamination product, but yielded the unexpected isomerisation product 42. Although the 
aromatised 1-ethylnaphthalene 42 is clearly the thermodynamically favoured product 
compared to the diene 41, no isomerisation took place at 60 °C without the addition of 
[Ca{N(SiMe3)2}2]2. The reaction was repeated with a catalytic amount of benzylamine and 
the same product outcome and reactivity were observed. The reaction took place very slowly 
in the absence of benzylamine. It appears that [Ca(NHPh)2]n is more basic than its parent 
bis(trimethylsilyl)amide metal species and therefore accelerates the isomerisation of 41 to 1-
ethylnaphthalene 42. 
In order to investigate the mechanism further, the reaction course was monitored by 1H NMR 
spectroscopy at 60 °C (Scheme 84). The experiment was conducted at 60 °C in d6-benzene 
with 10 mol% of benzylamine and 13 mol% of [Ca{N(SiMe3)2}2]2. The first spectrum was 
measured after 15 min and then at one hour intervals. For clarity, only the significant signals 
between 1.2 and 7 ppm are shown. Interestingly, a small singlet at 4.3 ppm was observed, 
which only appeared in considerable quantity after one hour. This singlet may indicate the 
formation of a calcium-hydride species. Harder et al. isolated in 2006 the β-diketiminate 
stabilised calcium hydride species 3 (cf. Scheme 5), which shows a singlet at 4.5 ppm. 
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Scheme 84. 1H NMR cut-out of the isomerisation reaction at 60 °C measured in regular intervals. 
It is possible that the isomerisation mechanism involves hydrometalation and elimination 
sequences, which would involve the formation of a metal hydride species. For a more detailed 
analysis, further experiments are necessary. These could involve a screening of different 
amines to investigate the general function of benzylamine. More information could be 
obtained by monitoring with IR spectroscopy, which could support the hypothesis of the 
presence of a calcium-hydride species. 
 
Attempted hydroamination of 4-styryl-1,2-dihydronaphthalene 43 
It has been shown that the hydroamination of 4-vinyl-1,2-dihydronaphthalene 41 resulted in 
the unexpected, isomerised product 42. In this reaction the calcium species did not react as a 
nucleophile but acted as a base to catalyse the isomerisation of 41 to the thermodynamically 
more stable naphthalene system 42. It was envisioned that functionalising the terminal double 
bond of the diene system with a phenyl group might activate the organic substrate for 
hydroamination due to a higher electrophilicity. After the successful synthesis of 4-styryl-1,2-
dihydronaphthalene 43, the diene was employed in the hydroamination reaction. This time 
pyrrolidine and the strontium bis(amide) 5b, as the more promising catalyst, were used. 
However, the reaction did not yield any hydroamination products, instead it cleanly afforded a 
single product with a complex 1H NMR spectrum. The same product could be observed when 
storing diene 43 neat in air and at room temperature over several days. Through analysis of 
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the 1H and 13C NMR spectra a Diels-Alder adduct was proposed as the reaction product 
(Scheme 85). This was supported by mass spectrometry and then proven by X-ray 
crystallography (Figure 1). 
43* 43
A) RT, 7 days or
B) 5b, pyrrolidine
60 °C, 4 days
44
H
H
 
Scheme 85. The dimerisation of 43 yielding the Diels-Alder adduct 44. 
 
Figure 1. Crystal structure of the Diels-Alder dimer 44. 
For the compound 43 to undergo an intermolecular Diels-Alder reaction the trans conformer 
of the diene has to rotate to the cis isomer (43*). This conformer is the less favoured 
stereoisomer, but such rotations are normally possible under mild conditions. For example, 
butadiene undergoes the cis-trans alternation at room temperature with an activation energy 
of 30 kJ∙mol-1.209 The double bond involved in the six-membered ring acted as the dienophile 
in the intermolecular Diels-Alder reaction. Although more sterically hindered, the cyclic 
double bond is more electron rich as it is in conjugation with both phenyl groups. 
Diels-Alder reactions are stereospecific, so that both the conformation of the diene and of the 
dienophile are reproduced in the product. Moreover, an endo preference can be observed, 
making this [2+4] cycloaddition a powerful tool to control four new stereogenic centres in one 
step. Hence dimerisation of 43 yielded a single enantiomer 44. The fact that this reaction 
occurred so easily highlights the instability or high reactivity of 43. For compound 43 to 
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undergo a successful hydroamination reaction a lower reaction temperature and/or more 
reactive metal amides are required. Results of the hydroamination of styrene derivatives 
showed that substitution on the C=C double bond decreases the rate of the heavier alkaline 
earth metal-mediated hydroamination drastically (vide supra). 
 
Dehydrogenation of 1,3-cyclohexadiene 
In order to further broaden the scope of activated alkenes, the hydroamination of 1,3-
cyclohexadiene was attempted. However, instead of hydroamination, mainly dehydrogenation 
to benzene was observed (Scheme 86). 
 
+ +
NH2 HN
+
60 - 80 °C
d6-benzene
several days
Main
[M{N(SiMe3)2}2]2
M = Ca, Sr
 
Scheme 86. Attempted hydroamination of 1,3-cyclohexadiene. 
Dehydrogenation occurred irrespective of the presence of amine, the nature of the catalyst or 
the reaction conditions. Higher temperatures favoured the formation of the dehydrogenation 
product, but even at low temperatures only low yields of the hydroamination adduct were 
obtained (<10%). The dehydrogenation was faster at higher concentration and when 
stoichiometric amounts of amine were added. 
To gain an insight into the reaction mechanism of the dehydrogenation deuterated 
benzylamine was utilised and the reaction was monitored by 1H NMR spectroscopy. It was 
found that during the course of the reaction the NH2-peak grew almost quantitatively, 
indicating H/D-exchange at the amine functionality. In addition the 1H NMR spectrum 
showed a broad peak at 1.50 ppm, which may be assigned to H2 or D2. In the case of a 
concentrated reaction mixture, the production of hydrogen gas could be observed directly. 
These two observations support a mechanism involving CH-activation, followed by β-hydride 
elimination. Dehydrogenation reactions are described in the literature, but commonly 
transition metals, such as nickel,253 ruthenium254 or rhodium,255 are applied. 
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Isomerisation of 1-pentene 
The high reactivity of calcium and strontium dialkyls, observed in the hydroamination of 
styrene derivatives and isoprene, encouraged further examination for additional applications. 
As a non-activated alkene 1-pentene was chosen and subjected to the optimised 
hydroamination conditions. However, although reaction temperature and catalyst were varied, 
no hydroamination product was formed, instead isomerisation to the internal alkene 2-pentene 
occurred (Scheme 87). When applying the strontium dialkyl 4b and a stoichiometric amount 
of piperidine, full conversion could be observed in 16 h at 45 °C. In contrast, the reaction took 
one week when utilising the calcium dialkyl 4a under the same conditions. Even the strontium 
bis(amide) 5b could isomerise 1-pentene to 2-pentene, however temperatures of 80 °C over a 
period of five days were necessary. 
Sr/ Ca-catalyst, (5 mol%)
piperidine (0-1 eq.)
d6-benzene, 45 - 80 °C, 16 h - 7 days
+
45 46
 
Scheme 87. The isomerisation of 1-pentene 
The isomerisation took place regardless of whether a stoichiometric or catalytic amount of 
amine was employed; the same reactivity could also be found in the absence of the amine. 
However, with decreasing concentration of amine reduced reaction rates were observed. The 
E- to Z-isomer ratio changed with reaction time and conditions. The Z-isomer was initially 
formed preferentially with a maximum ratio observed of E:Z = 1:2. After full conversion the 
E-isomer as the thermodynamic product became the main isomer (maximum ratio E:Z = 4:1). 
Alkene isomerisation products have also been observed in the intramolecular hydroamination 
of aminoalkenes mediated by [(NacNac)Ca{N(SiMe3)2}(THF)] 1a.128 In the formation of 6-
membered rings isomerisation occurred in tandem with hydroamination. An intramolecular 
proton transfer of the newly formed calcium amide species was proposed. Isomerisation is 
more common in hydroamination reactions catalysed by Na/K alloy or nBuLi.172,256 
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6. Hydroamination of activated alkynes and enynes  
The hydroamination of alkynes is generally viewed as being more facile than that of alkenes 
because of the higher reactivity and electron density of C7C bonds.191 For instance, the 
intramolecular hydroamination of aminoalkynes mediated by organolanthanide complexes 
proceeds with lower enthalpies of activation than the analogous reaction of aminoalkenes (see 
Table 13, Entries 1-2).185,196 Another example can be found in the zinc-mediated 
hydroamination catalysis conducted by Meyer et al., in which it was shown, that the 
intramolecular hydroamination of alkynes could be performed at 60 °C, whereas the C=C 
double bond of an aminoalkene was hydroaminated only at temperature of 120 °C (see Table 
13, Entries 3-4).257 Various other transition metals are capable of catalysing the addition of 
amines to alkynes.164 Amongst these, titanium complexes showed particular usefulness in 
inter- and intramolecular hydroamination reactions of C7C bonds.258-260 
Table 13. Comparison of hydroamination reactions catalysed by lanthanide (Entries 1-2) and zinc catalysts (Entries 3-4). 
Entry Substrate Product ∆9‡·/ kJ·mol-1 ∆:‡·/ J·mol-1·K-1 
1(a) 
NH2
 
N
H
 
53.1 (5.9) -113.0 (19) 
2(b) 
NH2
 
N
 
44.8 (33) -114.6 (25) 
   T / °C Time / h 
3(c) 
NH2
Ph Ph
 
N
H
Ph Ph
 
120 12 
4(c) NH2
Ph
 
N
Ph
 
60 10 
(a) Determined using Cp’2LaCH(TMS)2 in d8-toluene.196 (b) Determined using Cp’2SmCH(TMS)2 in d8-toluene.185 
(c) Determined using N-isopropyl-2-(isopropylamino)troponiminate zinc methyl in d6-benzene.257 
 
6.1 Intermolecular hydroamination of activated alkynes 
Based on this knowledge and the relative ease of the intermolecular hydroamination of 
isoprene and styrene derivatives, the hydroamination of phenylacetylene with piperidine, 
mediated by 10 mol% of [Sr{N(SiMe3)2}2]2, was attempted. However, although full liberation 
of HN(SiMe3)2 was observed at the first point of analysis, no hydroamination product was 
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formed even after prolonged reaction times at 60 °C. A 1:1:1 reaction of phenylacetylene, 
piperidine and [Sr{N(SiMe3)2}2]2 in d6-benzene resulted in the immediate precipitation of a 
white solid, which was found to be [Sr-(C7C-Ph)2]n (Scheme 88). 
Ph H [Sr{N(SiMe3)2}2]2
d6-benzene, RT,
< 5min4 +[Sr(C2C6H5)2]n HN(SiMe3)2+
N
H
4 + 4
- piperidine
 
Scheme 88. Reaction of phenylacetylene with strontium bis(amide). 
Piperidine (pKa = 10.5) is much more acidic than phenylacetylene (pKa = 20) and therefore 
the formation of [Sr{N(CH2CH2)2CH2}2]n should be favoured. Nevertheless, due to the 
insolubility of the strontium alkynyl the equilibrium appears to lie completely on the side of 
the strontium alkynyl and no activation of the NH-functionality took place. 
To avoid the acidity problem of the alkynyl proton, the addition of piperidine to 
diphenylacetylene was tested. The hydroamination mediated by 10 mol% of 
[Sr{N(SiMe3)2}2]2 proceeded cleanly but slowly, as after 4 days at 80°C only about 80% 
conversion to the hydroamination product was observed. However, the utility of the more 
reactive [Sr{CH(SiMe3)2}2(THF)2] yielded the expected hydroamination product 
quantitatively after 17 h at 60 °C (Scheme 89).  
Ph Ph
N
H
+
PhPh
N
[Sr{CH(SiMe3)2}2(THF)2] (10 mol%)
d6-benzene, 60 °C, 17 h
Ph
Ph
N
+
E:Z ~ 60:40
47 48
 
Scheme 89. Hydroamination of diphenylacetylene in d6-benzene. 
For comparison, the hydroamination of styrene and piperidine under similar conditions was 
complete in minutes at room temperature. As the reaction of diphenylacetylene should be 
even more favoured electronically than that of styrene, the drastically decreased reactivity of 
the former must be ascribed to the greater steric congestion around the C≡C triple bond. 
Another striking point of this hydroamination is the E:Z ratio in the product of approximately 
2:1 (assigned by 2D NMR spectroscopy), rather than the expected full conversion to the E-
isomer 47. It appears that under the reaction conditions employed the conformation of the 
metal alkenyl formed in situ is not stable and isomerises to the Z-product 48 giving rise to a 
mixture of two isomers.  
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Exchanging one of the phenyl groups for a methyl substituent and attempting the 
hydroamination of this less electronically active alkyne with 10 mol% of 
[Sr{CH(SiMe3)2}2(THF)2] in d6-benzene at 80 °C did not yield any hydroamination products 
and the starting materials were recovered, even at prolonged reaction times. This, in addition, 
demonstrates the drastic influence of steric congestion on the intermolecular hydroamination 
reaction mediated by heavier Group 2 metals in cases where less activated substrates are 
employed. 
 
By analogy with the intermolecular hydroamination of styrene derivatives mediated by 
strontium dialkyl catalysts, substantial acceleration of the reaction was observed when 
changing the solvent from d6-benzene to d8-THF. The reaction rate is one order of magnitude 
higher than the corresponding reaction in benzene, giving full conversion in two hours at 
60 °C with only 5 mol% of [Sr{CH(SiMe3)2}2(THF)2] (Table 14). Moreover, the selectivity 
towards the E-isomer could be improved considerably yielding an E- to Z-isomer ratio of 
91:9. Further solvent screening was thereby performed by comparison of the conversion after 
2 h at 60 °C. The results are summarised in Table 14. 
Table 14. Solvent dependence of the hydroamination of dipehenylacetylene with piperidine.(a) 
Ph Ph
N
H
+
PhPh
N
[Sr{CH(SiMe3)2}2(THF)2](5 mol%)
solvent, 60 °C, 2h
Ph
Ph
N
+
47 48
 
Entry Solvent 
Substrate : 
Product(b) 
47:48(c) 
1 THF 0:100 91:9 
2 Benzene 59:41 60:40 
3 Hexane 56:44 60:40 
4 Et2O(d) 91:9 91:9 
5 Tetrahydropyran 42:58 83:7 
(a) Reaction conditions: 5 mol% catalyst, amine:alkyne = 1:0.7, 0.5 M. Reaction stopped 
after 2 h at 60 °C. (b) Determined by GC-MS analysis. (c) Determined by  
1H NMR spectroscopy. (d) Reaction at 35 °C, solubility problems. 
 
Tetrahydrofuran emerged as superior to all other solvents tested resulting in the most rapid 
conversion rate and the highest selectivity towards the E-isomer (Table 14, Entry 1). Less 
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suitable were hydrocarbon solvents as in the same time just about the first half-life of the 
reaction was reached and approximately equal amounts of E- and Z-isomer were formed 
(Entries 2-3). Athough the reaction in diethyl ether provided a high E to Z ratio, only 10% 
conversion was observed after 2 h at 60 °C. This small conversion rate can be ascribed to the 
low solubility of the reaction species in this solvent (Entry 4). The reaction in tetrahydropyran 
adopted a middle position in the series of solvents tested with intermediate conversion rate 
and selectivity (Entry 5). Surprisingly, no formation of the hydroamination product was 
observed after 2 h at 60 °C when performing the reaction in dioxane, 1,2-dimethoxyethane, 
methoxycyclopentane and 2-methyltetrahydrofuran. Not only does the dipole moment of the 
solvent appear to be of importance, but also its donor ability in order to interact with the 
heavier alkaline earth metal centre during different stages of the catalytic cycle. These 
preliminary results show that the hydroamination of diphenylacetylene mediated by 
[Sr{CH(SiMe3)2}2(THF)2] exhibits a complex solvent dependence and that the choice of the 
solvent is crucial for achieving high catalytic reactivity. 
 
Having established the superior reactivity in THF, different heavier alkaline earth catalysts 
were tested for the hydroamination of diphenylacetylene in d8-THF. The results are 
summarised in Table 15. 
 
Table 15. Catalyst dependence for the hydroamination of diphenylacetylene. 
Ph Ph
N
H
+
PhPh
N
catalyst (5 mol%)
d8-THF, 60 °C, 2 - 96 h
Ph
Ph
N
+
47 48
 
Entry Catalyst Time Conversion(b) 
1 [Sr{CH(SiMe3)2}2(THF)2] 2 h 100% 
2 [Ca{CH(SiMe3)2}2(THF)2] 4 days 50% 
3 [Sr{N(SiMe3)2}2]2 4 days Traces of product 
(a) Reaction conditions: 5 mol% of catalyst, amine:alkyne = 1:0.7, 0.5 M, 60 °C. 
(b) Determined by 1H NMR spectroscopy. 
Similar to the results found for the hydroamination of alkenes, [Sr{CH(SiMe3)2}2(THF)2] was 
a far better catalyst in the intermolecular hydroamination of diphenylacetylene than the 
corresponding calcium dialkyl (Table 15, Entries 1-2). It also can be seen that the reactivity 
rises dramatically going from the strontium amide to the strontium alkyl (Entry 3). The low 
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reactivity of [Sr{N(SiMe3)2}2]2 can be partly ascribed to the low formation of catalytically 
active amide as shown in the hydroamination of styrene derivatives (vide supra).  
For a comparison of alkene hydroamination and alkyne hydroamination, crossover 
experiments were conducted in d6-benzene and d8-THF with styrene, diphenylacetylene and 
piperidine in a 1:1:1 ratio (Scheme 90). The results were analysed by 1H NMR spectroscopy 
and GC-MS. 
Ph Ph
N
H
+
PhPh
N
[Sr{CH(SiMe3)2}2(THF)2](5 mol%), RT, [pip.] = 0.24 M
+ N +
d6-benzene, 4h 100 0
d8-THF, < 10 min 92 :
+double insertion
product
8
:
 
Scheme 90. Crossover experiments in d6-benzene and d8-THF. 
The reaction in benzene showed full conversion of piperidine after four hours, with the alkene 
hydroamination product being the sole product. In contrast the reaction in THF was 
completed in less than 10 min and a 92:8 mixture of alkene to alkyne hydroamination product 
could be isolated. These reactions show that the double bond of styrene was hydroaminated 
more rapidly than the electron rich, but more sterically hindered alkyne of diphenylacetylene. 
As both hydroamination reactions are accelerated in d8-THF a small amount of the alkyne 
hydroamination product was observed when performing the reaction in tetrahydrofuran. 
 
In the literature, various examples of the intermolecular hydroamination of internal alkynes 
have been reported.164 Recent cases include the stereo- and regiospecific gold-catalysis of 
internal alkynes with dialkylamines to yield E-enamine products.261 In addition, various 
zirconium complexes have been shown to catalyse the transformations of primary and 
secondary amines in the intermolecular reaction of these transformations efficiently.262-264 
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6.2 Intermolecular hydroamination of but-3-en-1-ynylbenzene 49 
In the search for further alkyne substrates active for intermolecular hydroamination, enynes, 
compounds with conjugated alkyne and alkene groups, were considered. Despite being highly 
reactive species, selectivity is an issue when applying enynes in addition processes. Four 
different positions are activated in such systems, thus three possible hydroamination modes 
become feasible (Scheme 91). 
R2NH
H
NR2
NR2
H
R2N
H
H
NR2
•
R2N
H
•
H
NR2
+
+
+
1,2-addition
3,4-addition
1,4-addition
[cat]1
234
 
Scheme 91. Possible regioisomers from the intermolecular hydroamination of conjugated enynes. 
But-3-en-1-ynylbenzene 49 was synthesised and applied in the hydroamination with 
piperidine catalysed by heavier alkaline earth metals. It was established that catalyst 
[Sr{CH(SiMe3)2}2(THF)2] 4b was too reactive in the hydroamination of enyne 49 with 
piperidine as a complex mixture of products was observed. In addition, the reaction mixture 
turned intense red, which indicated polymerisation as a further side reaction. By optimising 
the reaction conditions it was found that a single product could be obtained by utilising the 
strontium bis(amide) 5b at 0 °C (Scheme 92). 
+
N
H
Ph
•
H
N
[Sr{N(SiMe3)2}2]2 (5 mol%)
toluene, 0 °C, 4 h
5049
 
Scheme 92. Hydroamination of but-3-en-1-ynylbenzene 49 with piperidine catalysed by [Sr{N(SiMe3)2}2]2. 
The addition of piperidine occurred exclusively at the terminal, more accessible alkene 
functionality. The product 50 consists of an allene functionality, which indicates that the in 
situ formed metal alkyl species is delocalised over the conjugated, alkyne and phenyl groups, 
before being protonated by a second molecule of piperidine. The addition is carried out in an 
anti-Markovnikov fashion due to the presence of the phenyl directing group, which stabilises 
the developing negative charge of the metal alkyl/alkynyl species. Due to the highly reactive 
nature of this compound the reaction could only be performed at 0 °C and shows potential for 
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the broader application of this substrate class in intermolecular hydroamination reactions 
mediated by Group 2 catalysts. 
Little work has been done on intra- and intermolecular hydroamination reactions of enynes. 
Radhakrishnan et al. described in 1998 the double intermolecular hydroamination of 
conjugated enynes via a π-allyl palladium complex.265 The first intramolecular 
hydroamination of enynes has only been described recently by Zhang et al. using 
commercially available nBuLi as pre-catalyst.266 The products described therein also arose 
from a 1,4-addition and products with allene and pyrrolidine functional groups were formed. 
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7. C-F activation 
The C-F σ-bond dissociation energy is larger than 500 kJ∙mol-1 and therefore greater than for 
any other carbon-heteroatom single bond.267 This, coupled with the low affinity of the C-F 
moiety to engage in coordination to metal centres, can explain the notable stability of 
perfluoro-compounds, a fact which is responsible for the widespread destruction of the ozone 
layer by chlorofluorocarbons (CFCs) or ferons.268 In addition, CFCs and their ozone-friendly 
replacements hydrofluorocarbons (HFCs) and perfluorocarbons (PFCs) have high global 
warming potentials and have been called “super-greenhouse gases”.269 Selective activation 
and cleavage of C-F bonds has been recognised as a great intellectual and practical challenge. 
The general subject of intermolecular C-F activation has been extensively studied and several 
reviews are available, largely based on reductive C-F σ-bond cleavage at low valent transient 
metal centres.270-275 Such transformation is most facile for polyfluoroarenes and fluoroalkenes 
which posses π-systems that provide a relatively low energy avenue for attack on the 
molecule. Aliphatic Csp3-F bonds on the other hand present a greater fundamental challenge 
as they lack either Lewis basicity or acidity. Increased fluorination of alkyl chains intensifies 
the problem. Catalytic activation of aromatic C-F bonds has been achieved by the 
stoichiometric addition of silanes or hydrogen.275 Two examples by Aizenberg et al. at a 
rhodium centre are shown in Scheme 93.276,277 The first step is the oxidative addition of Si-H 
or H2 to the rhodium complex, followed by reductive elimination to yield a reactive Rh(I)-
silyl or Rh(I)-hydride complex respectively, which can cleave the C-F bonds of C6F6 and 
C6F5H. 
F
F F
F F
H H
F F
F F
H
(EtO)3Si-H
C6F5-Rh(PMe)3 (cat.)
90 °C (33 TON)
F
F F
F F
F F
F F
F F
H
H2 (85 psi)
C6F5-Rh(PMe)3 (cat.)
Et3N, K2CO3, 100 °C
(up to 144 TON)
 
Scheme 93. Catalytic C-F activation at a rhodium centre. 
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7.1 Stoichiometric C-F activation in hexa- and pentafluorobenzene 
During the hydroamination of para-fluorostyrene it was first noticed that the heavier alkaline 
earth metals may display reactivity towards C-F bonds. This hydroamination reaction was not 
as clean as in previous hydroamination examples and full conversion was not achieved even 
after prolonged reaction times. The reaction mixture was analysed by adding D2O, however, 
no products resulting from C-F or C-H activation were found by GC-MS analysis. In addition, 
the synthesis of the heavier alkaline earth dialkyls 4a and 4b was drastically improved by 
using glass instead of Teflon stirrer bars. These two observations inspired studies towards the 
C-F activation of hexa- and pentafluorobenzene. Indeed, reacting hexafluorobenzene with a 
stoichiometric amount of the strontium alkyl 4b gave a new chemical entity with distinct 
fluorine environments, which, after isolation and characterisation, was identified as the alkyl 
transfer product 51 (Scheme 94).  
F
F
F
F
F
F
+ [M{CH(SiMe3)2}2(THF)2]
M = Ca, Sr
d6-benzene,
RT, 1 h F
F F
F
F
SiMe3Me3Si
2
51
- [MF2]n
2
 
Scheme 94. Reaction between hexafluorobenzene and [Sr{CH(SiMe3)2(THF)2]. 
Concurrently with the formation of 51 a solid precipitate was also formed. After drying and 
reacting the solid with concentrated H2SO4, HF was identified due to a reaction with silicon in 
the glass tube. This proved that SrF2 was formed during the course of the reaction.  
The outcome of the reaction can be most easily explained through σ-bond metathesis between 
the two substrates (Scheme 95), resulting in alkyl transfer to the aromatic ring. 
LSr
F
CH
C
Me3Si SiMe3
F5
[Sr{CH(SiMe3)2(THF)2] + C6F6 [SrF2]n +
Me3Si SiMe3
F
F
F
F
Fδ+
δ
-
δ+
δ-
51
 
Scheme 95. σ-bond metathesis between hexafluorobenzene and [Sr{CH(SiMe3)2(THF)2]. 
The product 51 was unusual from an NMR spectroscopy point of view as five different 
fluorine signals instead of the expected three fluorine multiplets were observed (Scheme 96). 
In addition the 1H NMR spectrum showed two very close singlets for the Me3Si-groups. VT-
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experiments up to 100 °C, 2D NMR spectroscopy and GC-MS analysis showed, however, the 
product to be a single substrate. 
 
Scheme 96. 19F NMR spectrum of [perfluoro-bis(trimethylsilyl)methyl]-benzene 51. 
 
It could be argued that the bis(trimethylsilyl)methane group is so sterically demanding that the 
rotation around the sp2- and sp3-carbon centres is restricted and a certain conformer is 
preferred, in which the two trimethylsilyl groups are not magnetically equivalent to one 
another. However, looking at the proton analogue of 51 [bis(trimethylsilyl)methyl]-benzene, 
such a restricted conformer is not observed and the 1H NMR spectrum shows the expected 
three signals for the aromatic protons.278 This signifies that the unusual imbalance in 51 must 
be an electronic effect resulting from the fluorine atoms. As the pentafluoro-substituted ring is 
considerably electron poor, hyperconjugation between the filled carbon-silicon σ-bond and 
the empty π* orbitals of the benzene ring can stabilise the system. For an optimal overlap of 
these two orbitals a parallel arrangement of the two systems would be necessary. A simplified 
view of such an interaction is shown in Scheme 97. This conformer shows an unsymmetrical 
geometry and hence explains the NMR spectra obtained. The rotational barrier cannot be 
overcome by heating the system to 100 °C, indicating a relatively strong interaction. 
F
F
F
FF
SiMe3
SiMe3
H
 
Scheme 97. Hyperconjugation of the C-Si σ-bond into the π*-system. 
Hyperconjugation can explain a range of conformational effects that arise in barrier 
phenomena. Pophristic and Goodmann recently found that the preferred staggered 
conformation in ethane is not a result of steric repulsion but rather due to a more favourable 
orbital overlap of the σ(CH)-σ(CH*) orbitals.279,280 Similar arguments account for barriers to 
internal rotation in substituted toluene derivatives and their cations.281 
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Whereas the reaction between the strontium alkyl 4b and hexafluorobenzene results in C-F 
activation, C-H activation is observed initially when reacting 4b with pentafluorobenzene. 
This can be monitored via 1H NMR spectroscopy as the aromatic multiplet disappears and 
peaks for CH2(SiMe3)2 appear. The reaction at room temperature in toluene proceeded rapidly 
and yielded a complex mixture of products according to the 19F NMR spectrum. However, 
performing the reaction at a lower temperature gave more control and a cleaner product was 
isolated. The best result was obtained when using furan as a solvent at -20 °C, whereby the 
Diels-Alder adduct 52 was isolated (Scheme 98). 
[Sr{CH(SiMe3)2(THF)2] +
H
FF
F
F
F
furan
-20 °C, 20h
O
F
F
F
F
- CH2(SiMe3)2
-[SrF2]n 524b
 
Scheme 98. Reaction between pentafluorobenzene and [Sr{CH(SiMe3)2}2(THF)2] 4b. 
A potential reaction sequence is shown in Scheme 99. The first step is likely a σ-bond 
metathesis between pentafluorobenzene and [Sr{CH(SiMe3)2}2(THF)2]. As the hydrogen 
atom is positively polarised, a strontium aryl complex is formed along with CH2(SiMe3)2. The 
aryl strontium is not stable under these reaction conditions and decomposes to strontium 
fluoride and a highly reactive benzyne species, which is trapped by a toluene or furan 
molecule. The formation of a heavier alkaline earth aryl cannot be observed by NMR 
spectroscopy. However, when a stabilising ligand was used (vide infra) the aryl complex 
proved more stable and clear evidence of the aryl species was found. 
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CH
H
Me3Si SiMe3
[Sr{CH(SiMe3)2(THF)2]
+
C6F5H
δ+
δ
-
δ+
δ-
C
F5
2 CH2(SiMe3)2
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Scheme 99. Proposed reaction scheme between pentafluorobenzene and [Sr{CH(SiMe3)2}2(THF)2] 4b. 
C-F bond activation at a heavier alkaline earth centre has only been reported once before by 
Barrett et al. who showed that a trifluoromethyl-substituted β-diketiminate calcium complex 
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A was found to decompose at room temperature via trifluoromethyl coordination to a new 
calcium fluoride B and a N-heterocyclic by-product C (Scheme 100).282 
N N
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Ar
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Scheme 100. Decomposition of A. 
It was proposed that the decomposition proceeds by an anchimerically assisted intramolecular 
nucleophilic cyclisation reaction. Due to the coordination of the CF3-group, one of the C-F 
bonds is polarised. This enhances the electrophilicity of the trifluoromethyl carbon atom, 
which is therefore susceptible to intramolecular attack by the nucleophilic nitrogen of the 
uncoordinated imine. The result is the formation of the heterocycle C and a calcium fluoride 
complex B, which arises through ligand redistribution and dimerisation. This C-F activation 
process proceeds by a different mechanism to those shown in Scheme 95 and Scheme 99. The 
proposed mechanisms are analogous  to those deducted for trivalent lanthanide centres. 
Anderson and co-workers intensively studied the C-F and C-H activation of different 
substituted hydrofluorobenzene derivatives by monomeric [{1,2,4-(Me3C)3C5H2}2CeH] 
(= (Cp’’)2CeH).17,283,284 Similarly to the reactivity of calcium and strontium perfluorobenzyl 
complexes, most of the intermediates formed during these reactions were not thermally stable 
and decomposed at different rates to Cp’’2CeF and fluorobenzyne, which was further trapped 
by d6-benzene, or by the Cp’’-ring when C6D12 was used as solvent. In the case of hexafluoro- 
and pentafluorobenzene the decomposition products were Cp’’2CeF, hydrogen gas and a 
perfluorobenzyne species (Scheme 101). 
Cp''2CeH C6F6 Cp''2CeF H2 F4+
d6-benzene
+ +
Cp''2CeH C6F5H Cp''2CeF H2 F4+
d6-benzene
+ +
H
F
F
F
+
 
Scheme 101. Net reaction of Cp’’2CeH with perfluoro- and pentafluorobenzene. 
DFT calculations have been used to explore energetically reasonable pathways, which lead to 
the observed products. The key step involving the activation of perfluorobenzene is thought to 
be a H/F-exchange reaction, which transforms C6F6 and Cp’’2CeH into C6F5H and Cp’’2CeF. 
The reaction starts with a η1-F-C6F5 interaction, which was also proposed for the calcium and 
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strontium initiated reactions (vide supra). Through the study of various substituted 
fluorobenzenes, a general reactivity pattern emerged. Werkema et al. found that the 
intermolecular C-H activation has a lower barrier than C-F activation and that the C-F bond 
activation is the rate-determining step.284 As shown in Scheme 101 the activation of 
perfluoro- and pentafluorobenzene by a cerium hydride resulted in a slightly different product 
outcome compared to the calcium and strontium dialkyls-initiated reactions described above. 
It seems that the cerium hydride complex is more reactive as not only the C-H bond, but also 
the C-F bond in C6F5H is activated. 
 
7.2 Attempts towards catalytic C-F activation 
The reaction of hexa- and pentafluorobenzene with strontium or calcium dialkyls led to 
stoichiometric formation of the heavier alkaline earth fluorides (vide infra). In order to 
catalytically activate the C-F and C-H bond in hexafluoro- and pentafluorobenzene, the 
heavier alkaline earth fluorides have to be transformed into an active species, which can react 
with another C-F/C-H bond. It was envisaged that a silane might be sufficiently reactive to 
abstract a fluoride atom from the metal fluoride and generate a heavier alkaline earth hydride, 
which would be reactive towards hexafluoro- and pentafluorobenzene (Scheme 102).  
CH2(SiMe3)2
[M{CH(SiMe3)2}2(THF)2]
C6F5H
[M]
F5
2
[MF2]n
H2 C6F5H
R3SiH
R3SiF
[M-H2]n
 
Scheme 102. Envisaged catalytic cycle to activate pentafluorobenzene.  
During the course of this study a similar catalytic cycle was realised with titanocene 
difluoride (Cp2TiF2) and diphenylsilane to activate fluoroalkenes (Scheme 103).285 The 
reaction allows hydrodefluorination at room temperature, which gives a mixture of different 
activation products, but is limited to alkenyl fluorides. The mechanism is analogous to the one 
proposed in Scheme 102. 
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Scheme 103. Catalytic C-F activation by a titanocene difluoride. 
In terms of bond energies SrF2, with a bond energy of 538-551 kJ∙mol-1, should be easiest to 
activate compared to BaF2 (570-587 kJ∙mol-1) and CaF2 (~592 kJ∙mol-1).286 Although these 
bond energies are very high, the Si-F bond energy of 669 kJ∙mol-1 in Me3SiF should be high 
enough to make up for the energy loss. In addition the Ti-F bond (~546 kJ∙mol-1 in TiF4)286 is 
as strong as the Sr-F bond, and so a catalytic C-F activation with strontium seemed feasible. 
First the silicon-hydride source had to be established. Et3SiH and Ph3SiH proved to be 
unreactive towards [Sr{CH(SiMe3)2}2(THF)2], but PhSiH3 reacted instantly and seemed 
promising as a hydride source for the re-activation of strontium fluoride. A reaction of 
hexafluorobenzene with catalytic amounts of [Sr{CH(SiMe3)2}2(THF)2] in the presence of 
one equivalent of PhSiH3 however did not result in catalytic C-F activation. Instead mostly 
starting material and an insoluble solid were isolated. As both strontium fluoride and 
strontium hydride are polymeric and therefore display low solubility in organic solvents, the 
use of a stabilising ligand was imperative to afford solubility of the reactive species. 
As mentioned in section two heteroleptic heavier alkaline earth metal complexes are prone to 
Schlenk-like redistribution. At present no robust ligand system is known in the literature for 
the application of strontium complexes. Recently Hill and co-workers reported a series of 
heavier alkaline earth stabilised by a dearomatised BIAN-derived ligand (N,N’-(2,6-
iPr2C6H3)2-6-hydro-6-{CH(SiMe3)2}acenaphthylen)amido-imine, from now on abbreviated as 
BIAN*). It was found that the strontium analogue is remarkably stable towards ligand 
redistribution in solution (Scheme 104).287 
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Scheme 104. Synthesis of BIAN* stabilised heavier alkaline earth metal complexes. 
The reaction of one equivalent of [M{CH(SiMe3)2}2(THF)2] (M = Ca, Sr) with one equivalent 
of the BIAN ligand precursor, proceeds cleanly to provide the dearomatised products 53a and 
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53b. Upon heating to 60 °C these complexes stay intact without the formation of the 
homoleptic complex, making them useful for homogeneous catalysis. These complexes were 
successfully employed in the intramolecular hydroamination of aminoalkenes, where they 
showed enhanced reactivity compared to the β-diketiminate complexes.288 The synthesis of 
53a and 53b was repeated with regards to the application towards C-F activation. 
Unfortunately the calcium complex 53a did not show any reactivity towards 
hexafluorobenzene, even after heating at 60 °C for 20 h (Scheme 105, top). This stands in 
strong contrast to the reactivity of the homoleptic calcium dialkyl species which reacted 
readily with C6F6 (vide supra). In contrast calcium compound 53a reacted instantly with 
amines such as piperidine to yield the corresponding calcium amide 54 (Scheme 105, bottom).  
N
N
Ar
Ar
Me3Si
Me3Si
Ca
THF
SiMe3
SiMe3
N
N
Ar
Ar
Me3Si
Me3Si
Ca
THF
F
Me3Si SiMe3
F
F
F
F
F
C6F6
d6-benzene,
60 °C, 20 h
+
53a Piperidine
d6-benzene
RT, 10 min N
N
Ar
Ar
Me3Si
Me3Si
Ca
THF
N
CH2(SiMe3)2 +
54
THF
THF
THF
 
Scheme 105. Reactivity of BIAN* stabilised calcium alkyl complex towards hexafluorobenzene and piperidine. 
Complex 54 was tested for the hydroamination of styrene, but even after heating of 54 with 
one equivalent of styrene at 60 °C for 18 h, only 15% conversion was observed via 1H NMR 
spectroscopy. This again shows much lower reactivity than the homoleptic complex which 
catalyses the reaction within minutes (vide infra). Hydroamination requires η2-pre- 
coordination of the alkene to the metal centre followed by insertion of the alkene into the 
metal-nitrogen bond via a four-membered transition state to form the new nitrogen carbon 
bond. The lack of reactivity may thus be explained by steric hindrance around the metal 
centre resulting from the two bidentate amido-imine BIAN* ligand. The metal centre is also 
less Lewis acidic as the dearomatised ligand acts as strong σ-donor. Both of these factors may 
hinder pre-coordination of the alkene and therefore explain the slow hydroamination rate 
observed.  
Although unsatisfactory reactivity was observed towards hexafluorobenzene, complex 53a 
did react with pentafluorobenzene. After two hours at room temperature the starting material 
NMR signals had disappeared and three new 19F-signals were observed (-110, -158 and 
-160 ppm), which were attributed to the pentafluorophenyl calcium complex 55a 
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(Scheme 106). A very similar complex is the triazene-stabilised strontium complex 
[ArAr’N3Sr(C6F5)], which was synthesised by Hauber et al. in 2005,289 and displayed three 
distinct 19F NMR signals at -111, -158 and -160 ppm. 
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Scheme 106. Synthesis of the pentafluorophenyl calcium complex 55a. 
After heating 55a to 60 °C in d6-benzene for four hours, the three 19F NMR signals were 
replaced by two new signals, which could be attributed to the 2,3,4,5-tetrafluorobenzyne 
trapped Diels-Alder adduct (-150 and -162 ppm). The same decomposition product was 
observed when leaving a d6-benzene solution of 55a for two days at room temperature. In 
contrast to the analogous reaction with the homoleptic dialkyl complexes, decomposition was 
very clean without the appearance of any by-products. Apart from the two 19F NMR 
multiplets of the Diels-Alder product, two much weaker doublets were observed at a lower 
field chemical shift (-56 and -78 ppm). These shifts most likely indicate the presence of a 
BIAN*-stabilised calcium fluoride, which is expected as a product of decomposition in the 
reaction. The appearance of two signals can be explained by the formation of an 
unsymmetrical, chiral calcium fluoride dimer. A symmetrical β-diketiminate calcium fluoride 
dimer [(NacNAc)Ca(F)(THF)}]2 was isolated recently (Chapter 2.1, Scheme 8).25,27 The 
fluoride shift at -78 ppm (singlet) for this compound is reported to appear at a very similar 
range to the BIAN*-supported calcium fluoride proposed. 
The two doublets observed decrease with time and vanish after heating for two hours at 
60 °C. This indicates that these BIAN* calcium fluorides are not stable and decompose to 
insoluble [CaF2]n and an unknown BIAN* species. Performing the analogous reaction with the 
BIAN* strontium alkyl 53b, gave a faster reaction and only signals for the starting material 
and the trapped Diels-Alder adduct 56 were observed in the 19F NMR spectrum (Scheme 
107). It is proposed that analogous to the calcium system, a pentafluorophenyl strontium 
complex 55b is formed. The species 55, however, seems to be so unstable that it decomposes 
immediately to 2,3,4,5-tetrafluorobenzyne, which is trapped by d6-benzene, and a strontium 
fluoride species. In contrast to the analogous reaction with calcium, the strontium fluoride 
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signals are not visible in the 19F NMR spectrum. This could mean that the BIAN* strontium 
fluoride is rearranging immediately to the insoluble [SrF2]n and a BIAN* strontium species. 
N
N
Ar
Ar
Me3Si
Me3Si
Sr
THF
SiMe3
SiMe3
+ C6F5H
d6-benzene,
RT, 30 min
53b
- CH2(SiMe3)2
F4 D6
N
N
Ar
Ar
Me3Si
Me3Si
Sr
THF
C6F5
d6-benzene,
RT, 2 h
55b
56
THF THF
- BIAN*-[SrF]
 
Scheme 107. Reaction of the BIAN*-supported strontium alkyl 53b with pentafluorobenzene. 
These results show that the heteroleptic calcium and strontium alkyl complexes allow a much 
more controlled reactivity. It has been shown that the BIAN-derived ligand improves the 
solubility of the intermediates formed. However the BIAN*-stabilised calcium and in 
particular strontium fluorides are not stable at room temperature as the signals in the 19F NMR 
spectrum disappear, which indicates decomposition to the insoluble, polymeric [MF2]n.  
Encouraged by these results the catalytic activation of pentafluorobenzene mediated by 
5 mol% 53b in the presence of stoichiometric amount of PhSiH3 was conducted. However, no 
catalytic turnover, even after prolonged reaction time, was observed.  
 
In order to achieve a catalytic C-F activation, it had to be established that a strontium hydride 
complex would indeed be active towards pentafluorobenzene. The strontium alkyl 53b reacts 
instantly with phenylsilane, as the characteristic alkyl peak of the ligand at 1.72 ppm in its 
1H NMR spectrum disappeared and the characteristic doublet at 4.54 and triplet signals at  
-0.65 ppm of PhSiH2{CH(SiMe3)2}2 appeared. The intermediate hydride reacts with 
pentafluorobenzene to yield a mixture of the Diels-Alder product 56 and 2,3,5,6-
tetrafluorobenzene 57, as a result of consecutive C-H activation and C-F activation 
(Scheme 108). 
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Scheme 108. In situ synthesis of BIAN* strontium hydride and subsequent reaction with pentafluorobenzene. 
The occurrence of two products has not been seen before without the addition of phenylsilane. 
This shows that the in situ formation of the BIAN* strontium hydride species results in a more 
reactive species, which not only activates the C-H bond in pentafluorobenzene, but is also 
able to react with the energetically higher C-F bond. Similar results were also found by Maron 
et al., where the Cp’’2CeH reacted with pentafluorobenzene, giving two products due to 
competitive C-H and C-F activation (Scheme 101).283 The reaction via the intermediate 
hydride species as shown in Scheme 108 is much less clean than the corresponding direct 
reaction with the BIAN* strontium alkyl 53b complex. In addition the reaction via the 
strontium hydride takes 20 h for 75% conversion, whereas the analogous reaction with the 
heteroleptic strontium alkyl is completed in 2.5 h. This is evidence for decomposition of the 
active species for the case of the in situ hydride formation, most probably by Schlenk-type 
ligand equilibration.  
In conclusion, attempts to catalytically activate pentafluoro- and perfluorobenzene, by means 
of a supporting ligand to enhance the solubility of the active species, has so far been 
unsuccessful. One problem is the reactivation of the thermodynamically stable strontium 
fluoride intermediate, which is formed stoichiometrically during the reaction course. Another 
setback is that the BIAN* strontium hydride complex does not react to give the desired 
products and that decomposition occurs, which slows down the reaction course and prevents 
full conversion. It was found that the activation barriers for C-H activation versus C-F 
activation are energetically close, so competitive reactions are observed in certain cases 
(Scheme 108). In accordance to Werkema et al., C-H activation has a lower activation barrier 
compared to C-F activation.284 
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8. Intramolecular hydroalkoxylation of alkynyl alcohols 
Oxygen-containing heterocycles are important structural components of many naturally 
occurring and pharmaceutically active molecules.290 The catalytic addition of alcohols to 
alkynes represents a direct route to the synthesis of enol ethers and diverse oxygen-containing 
heterocycles via intra- or intermolecular reaction pathways. A 100% atom economy and 
production of hardly any waste products, taken with the ready availability of alkyne and 
alcohol precursors, makes this a highly desirable transformation. However, the development 
of an efficient catalytic transformation remains a challenge due to the relatively large bond 
enthalpy of the O-H σ-bond along with the relatively low reactivity of electron-rich olefins 
with nucleophiles. For the intramolecular alkynyl alcohol hydroalkoxylation, two possible 
regioisomers can be envisioned as reaction products (Scheme 109). Both the exo-dig as well 
as the endo-dig cyclisations are allowed and yield five- or six-membered rings according to 
Baldwin’s rules.139  
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Scheme 109. The two possible outcomes for the intramolecular hydroalkoxylation/cyclisation reaction. 
 
In the last two decades efforts have been made to develop more efficient and selective 
hydroalkoxylation catalysts.291,292 Research has mainly focused on transition metal catalysis, 
in which the terminal acetylenic moiety is activated by the metal ion and, for various mid and 
late transition metal reagents, converted into η2-vinylidene metal complexes (Scheme 110).293 
This transformation occurs with migration of the alkynyl hydrogen from the terminal α-
carbon to the internal β-carbon atom. The Cα-position of the metal vinylidene becomes 
electrophilic and therefore activated for the addition of nucleophiles to afford Fischer-type 
metal carbenes, in the case of alkynol alcohols, cyclic Fischer oxacarbenes. 
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Scheme 110. Reaction of terminal alkynes with mid and late transition metal reagents. 
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One of the main challenges in hydroalkoxylation has been to construct a catalytic process. 
McDonald et al. were the first to achieve this successfully by deprotonation of the metal 
carbene under basic conditions, followed by catalytic cycloisomerisation of the alkynyl 
alcohol to obtain endocyclic enol ethers (Scheme 111, a.).294-296 Whereas the application of 
molybdenum catalysts are limited to the formation of five-membered rings, tungsten 
hexacarbonyl can promote six-membered ring formation. Trost and Vatèle and co-workers 
used oxidising reagents such as N-hydroxysuccinimide (NHS) or copper/oxygen to achieve 
catalytic transformation. The reaction produces γ-lactones via intramolecular 
hydroalkoxylation and oxidation mediated by CpRu(COD)Cl297 or Pd(MeCN)2ClNO2298 
complexes (Scheme 111, b.). 
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Scheme 111. Intramolecular hydroalkoxylation of alkynyl alcohols catalyzed by late TM-catalysts. 
 
The first example of intramolecular hydroalkoxylation to occur without isomerisation was 
reported by Villemin et al. using HgO and BF3·Et2O.299 Similar transformations were 
subsequently reported using Ag2CO3300 and AuCl/K2CO3.301 With all of these systems, 
however, catalytic turnover was only efficiently achieved for substrates with oxygen at the 
propargylic position of acetylenic alcohols (Scheme 111, c.), while unfunctionalised alkynyl 
alcohols yielded only traces of the desired cyclisation product. A base-free catalysis was 
established by Genet et al. using an IrI-mediated transformation, in which a tandem 
cycloisomerisation/hydroalkoxylation allows the formation of exo-selective five- and six-
membered rings (Scheme 111, d.). This reaction is believed to proceed through Lewis acid 
type activation, followed by intramolecular cyclisation, a protonolysis step and the 
intermolecular addition of an external alcohol molecule. The most recent work on 
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intramolecular hydroalkoxylation of alkynyl alcohols was published by Seo et al. and utilises 
lanthanide catalysts (Scheme 112).302-304 It showed that alkynyl alcohols can be converted into 
a variety of exocyclic five- and six-membered enol ethers at 25 - 130 °C using 5 mol% 
catalyst loadings. The reaction mechanism is considerably different to that in operation for 
conventional transition metal intramolecular hydroalkoxylation catalysis. The first step is the 
formation of a lanthanide alkoxide, which then adds in a turnover limiting step to the carbon-
carbon triple bond, followed by rapid protonolysis. Detailed analysis of kinetics and structural 
factors support a mechanistic scenario similar to those established for 
hydroamination3,204,205,239 and hydrophosphination305 catalysis mediated by lanthanide 
complexes. 
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Scheme 112. Lanthanide catalysed hydroalkoxylation of alkynyl alcohols. 
 
8.1 Application of heavier alkaline earth complexes and reaction scope 
Due to the high reactivity of heavier alkaline earth complexes in the intramolecular 
hydroamination of aminoalkenes127-133,195,287,306 as well as the intermolecular hydroamination 
of activated styrenes, further application in small molecule transformations was feasible. As 
described above, the hydroalkoxylation of alkynyl alcohols is a challenging and attractive 
reaction and therefore worth studying. In preliminary attempts, 4-pentyn-1-ol and 5 mol% 
[Sr{N(SiMe3)2}2]2 were dissolved in d6-benzene and the mixture analysed by 1H NMR 
spectroscopy. Initial analysis of the spectrum showed full catalyst initiation by liberation of 
HN(SiMe3)2 and a broadening of the hydroxyl as well as the alkynyl proton peaks, indicating 
the rapid formation of the anticipated strontium alkoxide and a strontium alkyl intermediate. 
Although no further reaction occurred after several hours at room temperature, heating the 
reaction mixture to 80 °C for 16 h converted the alkyne selectively to the corresponding five-
membered enol (Scheme 113). 
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Scheme 113. Hydroalkoxylation of 4-pentyn-1-ol catalysed by [M{N(SiMe3)2}2]2 (M = Ca, Sr, Ba). 
 
The analogous reaction mediated by [Ca{N(SiMe3)2}2]2 took 24 h to reach full completion. 
Surprisingly, even [Ba{N(SiMe3)2}2]2 showed fairly high reactivity towards 4-pentyn-1-ol 
and the cyclisation product was obtained after 40 h at 80 °C. In the intramolecular 
hydroamination the barium bis(amide) did not catalyse the cyclisation of aminoalkenes and 
even the highly active substrate amino-2,2-diphenyl-4-pentene resulted in the observation of 
only two turnovers prior to precipitation of insoluble, unidentifiable products.133 It was 
reasoned that this was likely a consequence of the very large size and diffuse nature of the 
cationic barium centre, which is thus insufficiently polarising to effect insertion of the C=C 
bond of the substrate.131,132 In contrast, [Ba{N(SiMe3)2}2]2 is able to slowly catalyse the 
intermolecular hydroamination of styrene and apparently this is also the case for the 
intramolecular hydroalkoxylation reaction. 
In addition to the expected exocyclic enol ether product 59 about 10% of its isomerised form, 
the dihydrofuran 60, was produced as confirmed by 2D-NMR spectroscopic experiments and 
comparison with literature data.307 The barium bis(amide) gave the best selectivity for 59 over 
60 with a ratio of 97:3. It has been reported previously that exocyclic enol ethers are 
extremely unstable and undergo isomerisation to the thermodynamically more stable 
dihydrofuran.301 However, the addition of another 5 mol% of [Sr{N(SiMe3)2}2]2 to the 
product mixture followed by heating to 80 °C for 16 h did not change the ratio of isomers 
observed. This means that the dihydrofuran 60 must be formed at a stage of the catalytic cycle 
before the formation of the highly labile enol ether 59. Several of the reaction conditions were 
varied such as catalyst loading (2 - 20 mol%), reaction temperature (60 - 110 °C) and initial 
substrate concentration, but it was not possible to completely avoid the formation of the 
endocyclic enol ether 60 and in all runs between 3 and 10% of the dihydrofuran was formed. 
The hydroamination of terminal alkynes catalysed by Group 2 complexes has yet to be 
achieved. In the intermolecular case, the acidity of the alkynyl proton means that highly 
insoluble alkynyl metal complexes are formed preventing the activation of the amine 
functionality and therefore hydroamination (vide ante). In addition, it has been shown here 
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that Group 2 complexes catalyse the isomerisation of less active alkenes such as 1-pentene 
and 1,3-cyclohexdiene (Chapter 5). Bearing these two reactions in mind, it was proposed that 
under the catalytic reaction conditions 4-pentyn-1-ol 58 could be isomerised to the allene 3,4-
pentadien-1-ol 61, which would undergo further hydroalkoxylation and account for the 
formation of the endocyclic ether 60. A proposed reaction mechanism, which describes the 
formation of 59 and 60 via alkyne and allene hydroalkoxylation, is shown in Scheme 114. The 
catalyst initiation step A yields a metal alkoxide and the free amine HN(SiMe3)2, which is 
visible in the 1H NMR spectrum. The metal alkoxide can directly form the five-membered 
ether ring via a concerted, most likely rate-determing insertion of the triple bond of the alkyne 
into the M-O bond (Scheme 114, right, Step B), followed by protonolysis of another 
equivalent of 4-pentyn-1-ol to liberate the exocyclic enol 59 (Step C). This mechanism is 
analogous to the lanthanide-mediated intramolecular hydroalkoxylation303 and to intra- and 
intermolecular hydroamination reactions catalysed by Group 2 metals.128 A second possible 
scenario would involve the isomerisation of 4-pentyn-1-ol to 3,4-pentadien-1-ol initiated by 
the formation of a metal alkynyl intermediate (Scheme 114, left). The in situ formed allene 
could then undergo hydroalkoxylation via concerted M-O insertion (Step B’) to yield an allyl 
metal complex. The subsequent protonolysis (Step C’) could form both the exo- and 
endocyclic enol ethers. 
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Scheme 114. Proposed mechanism for the hydroalkoxylation of 4-pentyn-1-ol mediated by Group 2 catalysts. 
 
To support this hypothesis, 3,4-pentadien-1-ol 61 was synthesised and treated with 5 mol% of 
[Sr{N(SiMe3)2}2]2 in d6-benzene at 80 °C. Indeed, the allene proved to be active in the 
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intramolecular hydroalkoxylation reaction and after 2.5 h full conversion to the enol ethers 59 
and 60 in a ratio of 39:61 were observed (Scheme 115). 
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Scheme 115. Intramolecular hydroalkoxylation of 3,4-pentadien-1-ol mediated by Group 2 catalysts. 
 
The heavier alkaline earth- catalysed cyclisation of 3,4-pentadien-1-ol 61 proceeded six to ten 
times faster than that of the alkyne analogue (cf. Scheme 113 and Table 16). The reactivity 
order of the different alkaline earth metals remains with Sr >Ca >Ba the same as for the 
hydroalkoxylation of 4-pentyn-1-ol 58, even though reaction times are very similar at 80 °C. 
The calcium and strontium bis(amides) yielded the two regioisomers in almost the exact same 
ratio of 59:60, whereas a greater selectivity towards the thermodynamically more stable 
endocyclic enol ether 60 was found when [Ba{N(SiMe3)2}2]2 was used as a catalyst  
(cf. Scheme 115). 
The high reactivity of allene 61 in the hydroalkoxylation reaction is surprising since it has 
been reported that the intramolecular hydroalkoxylation of 3,4-pentadien-1-ol 61 catalysed by 
[La{N(SiMe3)2}3] proved to be almost one order of magnitude slower than the corresponding 
alkyne hydroalkoxylation.302 The transformation yielded products in exactly the same ratio of 
59:60 of 39:61. 
During close monitoring of the allene hydroalkoxylation reaction by 1H NMR spectroscopy, 
the appearance of an intermediate reminiscent of the analogous alkyne could be observed as a 
multiplet at 3.51 ppm (Scheme 116, B and C). A similar 1H NMR spectrum was recorded for 
the alkyne hydroalkoxylation of 4-pentyn-1-ol, although the intermediate allene was only 
apparent in very low concentration. It is thus clear that under the reaction conditions 
employed 4-pentyn-1-ol and 3,4-pentadien-1-ol can interconvert and the proposed mechanism 
of the hydroalkoxylation involving the allene intermediate is feasible, which explains the 
appearance of the dihydrofuran 3 in the hydroalkoxylation of 4-pentyn-1-ol (cf. Scheme 114). 
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Scheme 116. 1H NMR monitoring of the cyclisation of 3,4-pentadien-1-ol 61 mediated by 
[Ca{N(SiMe3)2}2]2 in d6-benzene at 80 °C. A) 3,4-pentadien-1-ol. B) After 1 h. C) After 2 h. D) After 3 h. 
 
Since the results of the [M{N(SiMe3)2}2]2 (M = Ca, Sr, Ba) catalysed intramolecular 
hydroalkoxylation of 4-pentyn-1-ol were promising, more alkynyl alcohols were tested under 
the same reaction conditions. An overview of these reactions is shown in Table 16. A very 
selective transformation was achieved with the substrate 2,2-dimethylpent-4-yn-1-ol 62 
(Table 16, Entries 7-9). Although small amounts of the dihydrofuran 64 were formed in the 
cases of strontium or barium bis(amides) (Entries 7 and 9), complete selectivity to the 
exocyclic enol ether 63 was observed when using the calcium amide catalyst (Entry 8). 
Surprisingly, the calcium complex also showed the highest reactivity with full conversion 
reached after 1.5 h at 60 °C. The strontium and barium bis(amides) catalysed the reaction 
under the same conditions in 3.5 and 8.5 h, respectively.  
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Table 16. Summary of scope of hydroalkoxylation of alkynyl and allene alcohols mediated by Group 2 catalysts. 
 Substrate Product(b) Cat. Time / h Product ratio(c) 
   
 90 °C 80 °C  
1 
OH
58
 
O O
59 60
 
5b 2.5 16 < 90:10 
2 5a 4.5 24 < 92:8 
3 5c 6.0 40 < 97:3 
    80 °C 60 °C  
4 
• OH
61
 
O O
59 60
 
5b 2.5 - 39:61 
5 5a 3.0 - 41:59 
6 5c 3.5 - 30:70 
7 
OH
62
 
O O
63 64
 
5b < 1.0 3.5 < 91:9 
8 5a < 1.0 1.5 100:0 
9 5c < 1.0 8.5 < 92:8 
10 OH
65
 
O
66
 
5b < 0.5 0.5 - 
11 5a < 0.5 0.8 - 
12 5c < 0.5 0.4 - 
    110 °C 90 °C  
13 
OH
Ph
67
 
OPh
OO
Ph
Ph
69 70
68
 
5b 2.5 10 ~ 37:58:5 
14 5a - 16 33:61:6 
15 5c 0.3 3 68:14:18 (110°C) 77:5:18 (90°C) 
16 5b - 14 0:100:0(d) 
   
 120 °C 110 °C  
17 
OH
71
 
O
O
OH
73 74
72
 
5b 24(e) - 49:7:44 
18 5a - 30(e) 66:34:0 
19 5c 18(e) 24(e) 28:4:67 (120°C) 10:11:79 (110°C) 
 (a) Reaction conditions: 5 mol% of [M{N(SiMe3)2}2]2 (M = Sr 5b, Ca 5a, Ba 5c), 0.35 M in d6-benzene.  
(b) Yields ≥ 95% by 1H NMR spectroscopy. (c) Initial cyclisation product: isomerised product. (d) Full 
transformation to (Z)-2-benzylidenetetrahydrofuran by adding another 5 mol% of [Sr{N(SiMe3)2}2]2.  
(e) 10 mol% of catalyst.  
 
Compared to the unsubstituted alkyne alcohol 58, a drastic rate acceleration of more than one 
order of magnitude was observed when performing the reaction with the alkynyl alcohol 62 
(cf. Table 16, 80 °C). This can be ascribed to the Thorpe-Ingold effect that is known 
commonly in intramolecular transformations.128,308,309  
Another substrate that proved to be very reactive towards intramolecular hydroalkoxylation 
was (2-ethynylphenyl)methanol 65. All three metal bis(amides) catalysed the reaction 
efficiently at 60 °C yielding the exocyclic enol ether 66 selectively after less than half an hour 
(Table 16, Entries 10-12). Since substrate 65 cannot isomerise to the allene, this 
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transformation was chosen for detailed kinetic studies (vide infra). The reactivity of the three 
metal complexes [M{N(SiMe3)2}2]2 (M = Ca, Sr, Ba) again differs from the previous two 
substrates 58 and 62, as unexpectedly [Ba{N(SiMe3)2}2]2 is slightly more reactive than the 
strontium bis(amide), closely followed by the analogous calcium complex. Substrate 65 is 
activated in terms of the Thorpe-Ingold effect, but also electronically by the presence of the 
terminal phenyl group. The phenyl group stabilises the negative charge that is present in the 
insertion transition state, as seen in the intermolecular hydroamination of styrene (vide supra), 
but also polarises the triple bond, so that M-O insertion is facilitated. This electronic effect 
could be the crucial factor in explaining the cause of the unexpected reactivity of the barium 
bis(amide) in this intramolecular transformation. The size and diffuse nature of the Ba2+ 
cation hampers the necessary polarisation of C-C unsaturation as seen in the intramolecular 
hydroamination reaction.133 However, the soft Ba2+ cation does not bind as strongly to the 
hard O2- anion as is the case between Ca2+ and O2-, which is also an important criterion for the 
rate-determining M-O insertion step. The strength of the M-O bond can be compared by 
looking at the mean molar bond-dissociation enthalpies of the different metal oxides at 
298.15 K (Table 17).310 
Table 17. Mean molar bond-dissociation enthalpies of CaO, SrO and BaO at 298.15 K.310 
Entry Metal oxide ;<(M-O) / kJ·mol-1 
1 CaO 265.5 (0.3) 
2 SrO 250.8 (1.1) 
3 BaO 243.8 (1.2) 
 
The weaker Ba-alkoxide bond compared to Ca- and Sr-alkoxide bonds may be the reason that, 
in the cases where electronically activated substrates were employed, catalyst 5c 
demonstrated the highest reactivity compared to its lighter analogues. 
The superior role of 5c in the application of electronically active substrates was even more 
distinct for the hydroalkoxylation of 5-phenylpent-4-yn-1-ol 67. While 5c could be used to 
catalyse the reaction of this substrate to give complete conversion in 3 h at 90 °C (Table 16, 
Entry 15), the corresponding strontium and calcium bis(amides) took 10 h and 16 h 
respectively to achieve similar results (Entries 13-14). For cases in which the latter 
homologues 5b and 5a are used as catalysts, the internal, sterically more encumbered 
alkyne 67 showed lower reactivity in the cyclisation reaction than its parent terminal alkynyl 
alcohol 58 (Entries 1-2 and 13-14). However, the opposite is the case for [Ba{N(SiMe3)2}2]2, 
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where the internal alkyne 67 is converted twice as fast as the sterically less encumbered 4-
pentyn-1-ol 58 (Table 16, Entries 3 and 15). These observations show the significant 
electronic rather than steric substrate dependence in the barium catalysis. 
Cyclisation of 5-phenylpent-4-yn-1-ol 67 yielded a mixture of three products. Beside the 
anticipated E-2-benzylidenetetrahydrofuran 68 and the dihydrofuran 70, the Z-isomer 69 was 
also observed. The calcium and strontium bis(amides) formed the Z-isomer 69 as the main 
product and only a small amount of the dihydrofuran 70 was obtained (Table 16, Entries 13-
14). In contrast, the barium amide showed a selectivity of about 5:1 towards the E-isomer 68, 
while considerably more of dihydrofuran 70 was formed (Entry 15). The higher concentration 
of dihydrofuran indicates a greater degree of allene isomerisation prior to hydroalkoxylation. 
The cyclisation was performed at temperatures between 80 and 110 °C, but the product ratios 
observed remained similar at all temperatures applied. The initially formed E-isomer 68 and 
dihydrofuran 70 were not stable under the catalytic reaction conditions and isomerised over 
prolonged reaction times to the Z-exocyclic enol ether 69. This isomerisation could be 
accelerated by addition of another 5 mol% of catalyst to yield Z-2-benzylidenetetrahydrofuran 
69 as the sole product (Table 16, Entry 16).  
The formation of six-membered enol ethers was attempted using the 5-hexyn-1-ol substrate in 
the Group 2 mediated hydroalkoxylation reaction. Initial experiments resulted in limited 
success since mainly isomerisation to the internal alkyne 74 occurred, which could be isolated 
and identified by matching the NMR spectroscopy data with literature values.303 The internal, 
non-activated alkyne did not ring close under the catalytic conditions employed. The 
formation of 74 is most likely due to further isomerisation of the allene which emerges as an 
intermediate. Such allene formation, confirmed by 1H NMR spectroscopy, was in particular 
apparent in the reaction involving the barium bis(amide) (Scheme 117).311  
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Scheme 117. 1H NMR monitoring of the cyclisation of the 5-hexyn-1-ol mediated by  
[Ba{N(SiMe3)2}2]2in d6-benzene at 120 °C. A) 5-hexyn-1-ol B) After 6.5 h. C) After 11 h. D) After 16 h. 
 
After optimisation of the reaction conditions, the strontium catalyst [Sr{N(SiMe3)2}2]2 5b was 
applied to the same reaction which yielded cyclisation and isomerisation products in a ratio of 
approximately 1:1. This reaction required a temperature of 120 °C over a period of 24 h to 
reach full conversion (Table 16, Entry 17). The analogous barium complex 5c was able to 
accelerate the transformation and the reaction was complete after 16 h at 120 °C, but the 
internal alkyne 74 was formed in about 70% yield (Entry 19). The best result was obtained 
with the calcium catalyst [Ca{N(SiMe3)2}2]2 5a. By heating the reaction mixture at 110 °C for 
30 h no isomerisation to the internal alkyne was observed. Cyclisation occurred to give pyrans 
as the sole products (Entry 18). Although the ratio of 72:73 was at 66:36 fairly high and 
requires further optimisation, this example showed that the Group 2 mediated intramolecular 
hydroalkoxylation may also facilitate the formation of 6-membered heterocycles. In 
accordance with intramolecular hydroalkoxylation reactions catalysed by lanthanide 
complexes303 and intramolecular hydroamination reactions mediated by alkaline earth 
complexes133 a significant rate dependence on cyclisation rate was observed, with five-
membered ring formation being more facile compared to the construction of six-membered 
rings. These findings are consistent with a classical stereoelectronically controlled cyclisation 
process. As seen in Table 16, no simple catalyst trend was found in the heavier alkaline earth 
mediated intramolecular hydroalkoxylation reactions examined. In none of the intramolecular 
transformations reported in the literature was such a complex dependence on substrate 
substitution observed. In lanthanide catalysed hydroalkoxylation reactions the fastest 
cyclisation occurred when larger ionic radius Ln3+ catalysts are employed with La3+ (r = 
ppm (t1)
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1.160 Å) being the most efficient cation.303 However, in the study by Seo et al. the catalyst 
dependence was only tested in the cyclisation of 4-penty-1-ol 58. Secondary alkynyl alcohols 
and more activated substrates were not tested in this respect. A large variety of substrates with 
different steric and electronic properties have been previously tested for catalyst dependence 
in the intramolecular hydroamination of aminoalkenes mediated by heavier alkaline earth 
complexes.127-129,131,133 Although these studies focused on the difference between magnesium, 
calcium and strontium, in all cases [Ca{N(SiMe3)2}2]2 proved to be more reactive than the 
analogous magnesium and strontium complex, while the barium complex showed no catalytic 
turnover at all. 
In conclusion, although the basicity of [M{N(SiMe3)2}2]2 opens up isomerisation pathways 
for less activated alkynyl alcohols, all three metal complexes show good catalytic reactivity in 
the intramolecular hydroalkoxylation of alkynyl alcohols. The reactivity of these catalysts is 
strongly dependent on substrate substitution and is most likely due to a subtle interplay of the 
ability of the metal cations to polarise the triple bond of the substrate and the ease with which 
insertion of the C-C triple bond into the M-O bond takes place. 
 
8.2 Kinetic studies 
8.2.1 Determination of the rate law 
To gain further insight into the hydroalkoxylation reactions catalysed by [M{N(SiMe3)2}2]2 
(M = Ca, Sr, Ba), detailed kinetic studies were performed on the cyclisation of (2-
ethynylphenyl)methanol 65 (Scheme 118). Reactions were monitored by 1H NMR and the 
substrate and product concentrations established by integration against liberated HN(SiMe3)2. 
OH O
[M{N(SiMe3)2}2]2 (2 mol%)
d6-benzene
6665
M = Ca, Sr, Ba
 
Scheme 118. Hydroalkoxylation reaction chosen for kinetic studies. 
 
Seo et al. reported that the intramolecular hydroalkoxylation reaction catalysed by 
[La{N(SiMe3)2}3] showed zero-order dependence in substrate concentration and reaction rates 
were established using a plot of substrate concentration against time.303 In contrast, the 
intramolecular hydroalkoxylation reaction of 65 mediated by [M{N(SiMe3)2}2]2 showed such 
a linear dependence only for approximately the first half-life. After this time a significant rate 
Chapter II: Intramolecular hydroalkoxylation  129 
 
acceleration was observed which could also be fitted to a straight line (Graph 13, for 
[Ca{N(SiMe3)2}]2).  
 
Graph 13. Plot of substrate and product concentration as a function of time. 
 
The reaction rate of different transformations could be derived by considering the initial rate 
of the first half-life. Another, possibly more exact option, would be to derive an appropriate 
rate law for the first three half-lives. The behaviour observed in Graph 13 indicates substrate 
self-inhibition of the highly oxophilic heavier alkaline earth metal centre. Once the substrate 
concentration reaches a certain point, inhibition ceases and cyclisation occurs to a greater 
extent. This would mean that the reaction rate should increase at more dilute reaction 
conditions. Indeed, a pronounced effect was observed when looking at different initial 
substrate concentration, with rate acceleration at lower concentrations and a significant 
decrease in rate when performing the reaction at higher concentrations (Graph 14).  
 
Graph 14. Plot of product concentration as a function of time 
for different initial substrate concentrations at 50 °C and 
2 mol% [Ca{N(SiMe3)2}2]2. 
 
Graph 15. Plot of reaction rate as a function of the inverse 
initial substrate concentration. Data were collected at 50 °C 
and 2 mol% [Ca{N(SiMe3)2}2]2. 
 
By plotting the inverse of the initial substrate concentration against the reaction rate, a linear 
dependence was found (Graph 15). These experiments indicate that a number of substrate 
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and/or product molecules may bond to the metal centre as neutral donor ligands and thus 
block free coordination sites required for the alkynyl insertion step. This inhibition is further 
illustrated when looking at the reactivity in coordinating solvents, such as THF. Performing 
the hydroalkoxylation of 4-pentyn-1-ol catalysed by [Sr{N(SiMe3)2}2]2 in THF full 
conversion was reached after 72 h at 80 °C yielding 59:60 in a ratio of 1:0.5. In contrast, 
under the same conditions, the reaction in benzene was complete after 16 h and only a small 
amount of the dihydrofuran 60 (> 10%) was observed. In the intramolecular hydroamination 
of aminoalkenes catalysed by Group 2 metals likewise an inhibition in THF and an increase of 
reaction rate with decreasing substrate concentration was observed.133 This stands in contrast 
to intramolecular hydroamination reactions mediated by lanthanocene catalysts, where 
although addition of THF slowed the cyclisation down, no reduced rates with increasing 
substrate concentrations were found.118,196 
Next, the catalyst dependence was studied for the cyclisation mediated by calcium and barium 
bis(amides). In analogy to the findings of the intermolecular hydroamination of styrene (vide 
infra) and the intramolecular hydroamination of aminoalkenes,133 a linear relationship was 
found over a 20mM-range when plotting the square of the catalyst concentration against the 
observed rate constant (Graph 16 - Graph 18). As mentioned previously, this can be ascribed 
to the dimeric nature of [M{N(SiMe3)2}2]2 in solution and indicates that the in situ formed 
reactive metal alkoxide also exists as a dimer. 
 
Graph 16. Plot of product concentration as a function of time at different 
   [Ca{N(SiMe3)2}2]2 concentration at 40 °C and 0.29 M initial substrate concentration. 
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Graph 17. Plot of reaction rate as a function of 
[Ba{N(SiMe3)2}2]2 concentration  
(40 °C, [substrate] = 0.29 M). 
 
Graph 18. Plot of reaction rate as a function of 
[Ca{N(SiMe3)2}2]2 concentration 
 (40 °C, [substrate] = 0.29 M). 
These experiments show a second-order dependence on [catalyst] and an inverse-order 
dependence on substrate concentration and therefore a rate law can be proposed (Eq. 7). 
           =>?3>=@   A@B>?3>                                                                                           Eq. 7 
Integration of Eq. 7 shows that by plotting the square of the substrate concentration against 
time a linear dependence should be found (Eq. 8). 
        
,CD@E  CD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When taking the original data shown in Graph 13 and plotting them according to the new 
found rate law, a good agreement over the whole set of collected data points is established 
(Graph 19).  
 
Graph 19. Reverse first-order plot at 60 °C, 0.30 M initial 
substrate concentration and 2 mol% [Ca{N(SiMe3)2}2]2. 
 
Graph 20. Reverse first-order plot at 60 °C, 0.30 M initial 
substrate concentration and 2 mol% [Ca{N(SiMe3)2}2]2 for a) 
first run b) second run with a second batch of substrate 
added. 
Manipulation of the data collected for the initial substrate and catalyst dependence according 
to a reverse first-order plot instead of comparing only the rates of the first half-lives give the 
same qualitative results as described above. To further prove the rate law and to exclude any 
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severe product inhibition effects, a kinetic run was performed in which the substrate was 
added in two batches (Graph 20). Both runs displayed comparable reaction rates with 
13.6 mol2∙L-2∙s for the first and 12.3 mol2∙L-2∙s for the second run and therefore do not show a 
rate influence due to the cyclisation product, which stands in agreement with the proposed 
rate law shown in Eq. 7  
 
Hong et al. saw deviations from zero-order kinetic behaviour in the hydroamination of 
aminodienes catalysed by organolanthanide complexes.188 Depending on the particular 
substrate and catalyst combination, in some cases competitive product or substrate self-
inhibition led to a rate decrease or increase after about the first half-life. In the asymmetric 
hydroamination of aminoalkenes mediated by binaphtholate rare earth metal complexes such 
a deviation was also observed.118 The author ascribed this behaviour to an equilibrium 
existing between an active binaphtholate amido amine species and a catalytically inactive or 
significantly less active binaphtholate amido diamine species. In the literature inverse first-
order kinetics are rare and the only example involving the amine concentration in 
hydroamination reactions was found in the zirconium-bis(amide) Cp2Zr(NHR)2 mediated 
hydroamination of alkynes and allenes.264 The authors proposed a reversible rate-determining 
α-elimination of amine and generation of the transient imido complex Cp2Zr=NR. The amine 
and alkyne substrates then compete for this reactive intermediate.  
In the work described here, a similar scenario can be envisioned. The heavier alkaline earth 
metal centres are not protected by sterically demanding ligand sets and the oxophilic M2+ 
cations are prone to further ligand interaction. For this reason, it is most likely that metal 
alkoxides formed in situ are equilibrating between less coordinated and fully saturated metal 
species A and B (Scheme 119). To undergo cyclisation to the five-membered ring a sterically 
demanding transition state has to be traversed, which is more easily accessed from less 
coordinated, more Lewis acidic metal species A. The higher the substrate concentration, the 
further the equilibrium lies on the side of the fully saturated metal species B and as such the 
reaction rate decreases. 
OMRO
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Scheme 119. Proposed equilibrium between the less coordinated metal oxide A and fully saturated metal oxide Β. 
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8.2.2 Temperature variations 
Having established the role of the different reactive species, the cyclisation of (2-
ethynylphenyl)methanol 65 mediated by all three heavier alkaline earth metal bis(amide) 
complexes were examined at different temperatures in order to obtain Arrhenius and Eyring 
plots (Graph 21 - Graph 23). 
 
Graph 21. Reverse first-order plot at different temperatures for the hydroalkoxylation of 
65 catalysed by 2 mol% of [Ba{N(SiMe3)2}2]2 at 0.30 M initial substrate concentration. 
 
 
Graph 22. Arrhenius plot for the intramolecular hydroalkoxylation of 65 
catalysed by 2 mol% [M{N(SiMe3)2}2]2 (M = Sr 5b, Ca, 5a, Ba 5c)  
at 0.30 M initial substrate concentration. 
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Graph 23. Eyring plot for the intramolecular hydroalkoxylation of 65 
catalysed by 2 mol% [M{N(SiMe3)2}2]2 (M = Sr 5b, Ca, 5a, Ba 5c)  
at 0.30 M initial substrate concentration. 
The reaction proved to be highly temperature dependent involving relatively large activation 
energies of 123.5 kJ∙mol-1, 123.2 kJ∙mol-1 and 145.8 kJ∙mol-1 for the barium, strontium and 
calcium bis(amides), respectively. The similarity of the barium and strontium catalysts for the 
cyclisation of 65 was discussed earlier and is apparent in the very comparable reaction times 
shown in chapter 8.1. Analysis of the Eyring plot gave values for the enthalpies of activation 
which were found to be about 2.7 kJ∙mol-1 smaller than the activation energies (cf. Table 18). 
Positive values were determined for the entropies of activation, even after temperature 
calibration of the NMR spectrometer. When considering the difference in substrate and 
product structure in intramolecular hydroalkoxylation reactions, clearly entropy is lost during 
the formation of the heterocycle and a positive entropy value seems not to make chemical 
sense at first inspection. The only way of explaining the positive entropies is to assume that in 
the resting state of the catalyst additional substrates are bound to the metal centre (for 
example species B, Scheme 119), which first have to be released from the metal coordination 
sphere before the transition state can be formed. This seems like a reasonable explanation for 
the hydroalkoxylation reaction studied here considering the high oxophilicity of the heavier 
alkaline earth M2+cations combined with the strong dependence of these reactions on 
substrate concentration. 
From the enthalpy and entropy values obtained, a Gibbs free energy of activation at 297.15 K 
could be calculated. An overview of the thermodynamic parameters together with examples 
from the literature is shown in Table 18. The difference of 0.9 kJ∙mol-1 between the ΔG‡ of the 
barium and strontium complexes is very small and within the standard error. However, the 
calcium catalyst gave rise to a higher ΔG‡ value of 82.5 kJ∙mol-1. In comparison to literature 
examples for intramolecular transformations, the hydroalkoxylation mediated by 
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[M{N(SiMe3)2}2]2 (M = Ca, Sr, Ba) shows very large enthalpy activation values, but 
comparable Gibbs free energy values (Table 18). 
Table 18. Thermodynamic values for selected intramolecular hydroalkoxylation and hydroamination reactions. 
Entry Substrate Product Cat. ∆H‡/kJ∙mol-1 ∆S‡/J∙mol-1∙K-1 ΔG‡/kJ∙mol-1 
1(a) 
OH
 
O
 
5c 
5b 
5a 
120.7 (2.1) 
120.5 (4.5) 
145.8 (3.1) 
141.5 (6.3) 
137.5 (13.5) 
204.1 (9.4) 
78.7 
79.6 
82.5 
2(b) OH
 
O
 
75 84.5 (4.2) -49.4 (1.3) 69.8 
3(c) NH2
 
N
 
76 44.8 (33) -114.6 (25) 78.9 
4(d) 
H2N
 
NH
 
5b 83.5 (3.2) -32.8 (9.7) 93.2 
5(e) H2N
 N
H
 
17 53.2 (5.9) -113.0 (20.9) 86.9 
(a) Determined using [Ba{N(SiMe3)2}2]2 5c [Sr{N(SiMe3)2}2]2 5b or [Ca{N(SiMe3)2}2]2 5a, 2 mol% in d6-benzene.  
(b) Determined using [La{N(SiMe3)2}3] 75 in d6-benzene.303 (c) Determined using [Cp’2LaCH(SiMe3)2] 76 in d8-toluene.198 
(d) Determined using [Sr{N(SiMe3)2}2]2 5b, 2 mol% in d6-benzene.133 (e) Determined using [Cp*2LaCH(TMS)2] 17, 
2.8 mol% in d8-toluene.186 (f) ΔG‡ were calculated at 297.15 K. 
 
  136 
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III Conclusions and future work 
9.1 Conclusions 
Hydroamination is an attractive and atom efficient way of synthesising new C-N bonds. It has 
been shown that complexes of the heavier alkaline earth metals (M = Ca, Sr, Ba) are able to 
catalyse inter- and intramolecular hydroamination reactions.127,193 Followed by theoretical 
calculations, detailed experimental studies of the intermolecular hydroamination of styrene 
derivatives mediated by simple metal bis(amides) [M{N(SiMe3)2}2]2 (M = Ca, Sr) were 
undertaken (Scheme 120). 
+
[M{N(SiMe3)2}2]2(5- 10 mol%)
HNR'R''
R
NR'R''
R 25 - 60 °C0.75 - 144 h
R= H, Me,
OMe, Cl, Br
a) R'= H, R''= CH2Bz
b) R'= R''= HN(CH2)n,
n= 2,3,4,5
M = Ca, Sr
 
Scheme 120. Summary of intermolecular styrene hydroamination catalysed by [M{N(SiMe3)2}2]2 (M = Ca, Sr).  
In agreement with the theoretical findings, significant differences between the ability of the 
metals to catalyse the intermolecular hydroamination reaction were found: Mg < Ba << Ca < 
Sr. The addition was faster for electron-poor styrene derivatives and followed strict anti-
Markovnikov selectivity. Substituents at the alkene slowed the reaction drastically showing 
the high dependence on steric factors in heavier Group 2 catalysis. Employing secondary N-
heterocycles of various sizes for the hydroamination reaction illustrated that the reactivity of 
the amine was influenced by nucleophilic rather than basic aspects. It was found that the 
reaction rate is dependent on the ring size of the amine in the order: 6 < 5 ≈ 3 < < 4.  
After establishing the rate law, the thermodynamic values EA, ∆H‡ and ∆S‡ of the 
hydroamination of styrene with piperidine catalysed by calcium and strontium were 
determined by kinetic analyses at various temperatures (Graph 24). Interestingly, it was found 
that the transformation mediated by [Ca{N(SiMe3)2}2]2 is favoured enthalpically (Ca: 
∆H‡ = 51 kJ∙mol-1, Sr: ∆H‡ = 71 kJ∙mol-1). Strontium however, remained the overall better 
catalyst due to a high negative entropy value (Ca: ∆S‡ = -168 J∙mol-1·K-1, Sr: 
∆S‡ = -92 J∙mol-1∙K-1). Large kinetic isotope effects of 4.1 and 7.9 at 55 °C for the 
intermolecular hydroamination of styrene mediated by [Ca{N(SiMe3)2}2]2 and 
[Sr{N(SiMe3)2}2]2, respectively, together with non-inhibition at high piperidine concentration, 
suggest close amine coordination to the metal centre in the rate-determining alkene insertion 
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step. The presence of the amine stabilises the transition state and facilitates immediate or 
concerted protonolysis. 
 
Graph 24. Eyring plot for the intermolecular hydroamination  
of styrene and piperidine catalysed by calcium and strontium bis(amide). 
 
Catalyst initiation with the metal bis(amides) was reversible in the reaction with piperidine 
and benzylamine and the equilibrium constant proved to be solvent dependent. Novel heavier 
Group 2 dialkyls [M{CH(SiMe3)2}2(THF)2]32 (M= Ca, Sr, Ba) could overcome the problem of 
reversible catalyst initiation and showed opposite solvent dependence. An enhanced reactivity 
was found compared to the metal bis(amide), particularly in THF, which led to a rate 
acceleration of up to three orders of magnitude for the intermolecular hydroamination of 
styrene and opened applications to new reactions such as C-F and C-H activation in 
fluorobenzenes. In addition, the living anionic polymerisation of styrene was achieved in the 
presence of [Sr{CH(SiMe3)2}2(THF)2] catalyst. 
The hydroamination methodology was extended to the intermolecular transformation of 
isopropene, myrcene and an activated enyne. The addition occurred with high regioselectivity 
and controlled double hydroamination was only observed with primary amines. Attempts to 
apply the heavier alkaline earth-mediated hydroamination to more complex or non-activated 
systems failed as side reactions such as isomerisation, dehydrogenation or Diels-Alder 
reactions took place. The intermolecular hydroamination of alkynes was limited to internal, 
highly activated C7C due to the acidity of the alkynyl proton and inhibition by steric 
congestion. Efficient turn-over was achieved in the strongly polarising and donating solvent 
THF. 
Furthermore, the use of these catalytic systems was successfully extended to the 
intramolecular hydroalkoxylation of alkynyl alcohols for the formation of five- and six-
membered enol ethers. The reaction is more facile for the cyclisation to five-membered rings 
and both internal and terminal alkynyl alcohols were converted efficiently (Scheme 121).  
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n = 1,2
[M{N(SiMe3)2}2] (5 mol%)
d6-benzene, 40 - 110 °C
0.3 - 40 h
R1
R2 R
3
R1 = H, Ph
R2,R3 = Me, Ph
M = Ca, Sr, Ba
R2 R3
 
Scheme 121. Summary of intramolecular hydroalkoxylation reactions catalysed  
by [M{N(SiMe3)2}2]2 (M = Ca, Sr, Ba). 
 
For non-activated substrates, the formation of endocyclic enol ethers (less than 10%) was 
observed due to isomerisation of the alkynyl alcohol to the corresponding allene. This allene 
were also reactive in the hydroalkoxylation reaction and gave rise to both the exo- and 
endocyclic enol ethers. All three metal bis(amides) [M{N(SiMe3)2}2]2 (M = Ca, Sr, Ba) 
showed high reactivity for the intramolecular hydroalkoxylation reaction although the 
“catalyst of choice” was strongly dependent on the substitution pattern of the substrate. 
Detailed kinetic studies on the basis of the transformation of (2-ethynylphenyl)methanol 
showed the catalyst, substrate and temperature dependence of the cyclisation reaction and led 
to an unusual rate law involving inverse substrate dependence (Graph 25). 
 
Graph 25. Substrate and product concentration against time for the 
 intramolecular hydroalkoxylation of (2-ethynylphenyl)methanol. 
 
9.2 Future work   
It was shown that heavier alkaline earth metal catalysts are reactive in the intermolecular 
hydroamination of moderately activated alkenes, such as styrenes, dienes and enynes. Rare 
earth metal complexes of Ln3+ cations are additionally able to hydroaminate non-activated 
alkenes,186,190 while Group 2 catalysts seem insufficiently Lewis-acidic to activate such 
compounds towards hydroamination; instead isomerisation was observed. In order to 
successfully convert non-activated alkenes, a more Lewis-acidic metal centre is necessary, 
which could be achievable by designing novel heavier alkaline earth catalysts with a more 
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naked metal cation through large, non-coordinating ligands. Cationic lanthanide complexes 
have been previously reported in the literature und found successful application in catalysis.312 
 
Dienes and enynes showed a promising, selective reactivity in the intermolecular 
hydroamination reaction presented herein and a broader application in substrate and amine 
scope could be achievable. Also detailed kinetic studies to understand the mechanism of these 
transformations is desirable and highlight further parallels and differences with respect to the 
corresponding organolanthanide-mediated transformations.188,313 The substantial decrease in 
reactivity of heavier alkaline earth catalysts for the hydroamination of internal alkenes, 
alkynes and allenes allows for a very regioselective reaction, which would be of importance in 
particular for substrates and products with more than one alkene functionality (e.g. application 
of enyne and dienes). 
The intermolecular hydroamination of diphenylacetylene was realised only with piperidine. 
Further amines, especially primary ones, should be tested in this hydroamination reaction to 
gain a more general insight into the hydroamination scope of alkynes. Applying primary 
amines in alkyne hydroamination often leads to subsequent isomerisation of the enamine 
formed to the imine and therefore would avoid the problem of E/Z-mixtures.314 The 
intramolecular hydroamination of aminoalkynes mediated by Group 2 catalysts has not yet 
been studied and could add valuable information to the knowledge of heavier alkaline earth 
metal chemistry. In addition this intramolecular cyclisation could solve the problem of 
converting terminal alkynes to the hydroamination product. For instance, the intramolecular 
hydroamination of aminoalkynes mediated organolanthanide catalysts has been achieved for 
terminal alkynes in high yields and turnover numbers.185 
Although the new heavier alkaline earth metal complexes [M{CH(SiMe3)2}2(THF)2] (M = Ca, 
Sr, Ba)32 are more difficult to handle due to their high moisture- and air-sensitivity, their 
application is worth while studying in more depth. The high reactivity displayed by these 
dialkyl complexes may be able to open new reactivity pathways such as further C-H 
activation, polymerisation or new catalytic transformations. The drastic solvent dependence 
observed in combination with these complexes has to be further explored and theoretical 
calculations could help to support experimental results.  
The intramolecular hydroalkoxylation of alkynyl alcohols was only developed in the last 
weeks of this PhD, therefore testing of more substrates with different substitution patterns is 
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necessary, also with respect to the reactivity of the different metal bis(amides). During the 
course of this study one allenic alcohol was tested and showed surprisingly high reactivity 
towards the intramolecular hydroalkoxylation reaction catalysed by Group 2 bis(amides). This 
needs to be explored in more detail to understand the reactivity of allene functional groups in 
this particular catalysis. In addition, due to the facile transformation in the intramolecular 
case, an extension towards the intermolecular hydroalkoxylation of allenes may be feasible. 
Due to the high M-O bond enthalpy hydroalkoxylation is considered a very challenging 
reaction and its successful achievement by Group 2 catalysts is encouraging for further 
application of these catalysts in intra- and intermolecular hydroalkoxylation and 
hydroamination reactions.  
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IV. Experimental part 
10. General 
10.1 Analytical methods 
Nuclear magnetic resonance (NMR) spectroscopy 
All spectra were obtained at +25 °C unless otherwise stated. 1H NMR and 13C NMR spectra 
were recorded on a Bruker DRX 400 (400 MHz for 1H and 100 MHz for 13C). Kinetic studies 
were carried out in cooperation with the NMR service staff of Imperial College London and 
measured by Peter Haycock. Chemical shifts are stated in parts per million (ppm) and 
referenced to the residual solvent peak (CDCl3: 1H: δ = 7.26 ppm, 13C: δ = 77.16 ppm; d6-
benzene: 1H: δ = 7.15 ppm, 13C: δ = 128.06 ppm) or to tetramethylsilane (1H: δ = 0.00 ppm). 
Coupling constants (J) are quoted in Hertz (Hz). The following abbreviations are used for the 
multiplicity of the signals: s = singlet, d = duplet, t = triplet, m = multiplet, bs = broad singlet, 
qua = quartet, q = quintet, sext = sextet, dd = doublet of doublet, dt = doublet of triplet, tt = 
triplet of triplet, td = triplet of doublet. 
 
Mass spectrometry (MS) 
The EI- and ESI-MS spectra were measured with a Micromass Platform II spectrometer (low 
resolution) and a Micromass Autospec Q spectrometer (low and high resolution) in methanol 
or ether. The measurements were conducted by the Mass Spectrometry Service of Imperial 
College London and run by Jonathan Barton. 
 
Thin layer and column chromatography 
Thin layer chromatography (TLC) was conducted with E. Merck silica gel 60 F254 pre-coated 
plates (0.25 mm) and visualised initially by UV light (254 nm) and then by a potassium 
permanganate staining for permanent visualisation. Column chromatography was performed 
on Merck silica gel 60, particle size 20-63 µm or BDH silica gel, particle size 33-70 µm. All 
chromatography eluents were BDH GPR grade and used without further purification. Petrol 
refers to BDH AnalaR GPR petroleum spirit 40-60 ºC. 
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Elemental analysis 
Elemental analyses were determined by the department of Health and Human Sciences at 
London Metropolitan University and conducted by Stephan Boyer. Results are quoted in 
weight percent of a particular element. 
 
Infrared (IR) spectroscopy 
IR spectra were recorded on Unicam and Mattson FTIR spectrometers. Samples were 
prepared as thin films or solutions in Et2O on sodium chloride plates with the highest 
absorptions reported in wave numbers (cm-1). 
 
X-ray crystallography 
All structures reported here were determined at 173 K using a OD Xcalibur 3 (wave length = 
0.71073 Å). Structures were solved by direct methods and refinement on F2 was by full 
matrix least-squares techniques and carried out by Dr. Andrew White, the crystallographer at 
Imperial College London. 
 
10.2 General experimental techniques 
Inert atmosphere techniques 
Experimental work described in this report involved the use and isolation of  
air-sensitive and hygroscopic calcium, strontium and barium complexes. As a result all 
synthetic work involving these complexes was carried out under a dry inert gas atmosphere 
(Ar or N2) using a vacuum line and/or glovebox. Generally, standard inert-atmosphere 
Schlenk techniques were employed. Reactions with heavier alkaline earth catalysts were 
performed in Schlenk tubes that had been dried at 180 °C prior to evacuation to less than 
0.01 mbar three times, being filled with dry argon between each evacuation. Solid reagents 
were pre-weighed in a glovebox in dry nitrogen atmosphere and added directly to the Schlenk 
tube in the glovebox.  
 
Catalytic NMR experiments 
The relevant amounts of dry substrates, catalyst and d6-benzene or a capillary filled with the 
latter were directly added to a Young’s tap NMR tube under inert atmosphere. All liquids 
were measured with Eppendorf pipettes. The NMR tube was then sealed and a homogenous 
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solution was obtained by repeatedly turning the tube upside down. After full conversion of 
substrate was reached, the mixture was exposed to air, diluted with Et2O and filtered through 
Celite. The evaporated solution yielded in an oil, which was purified by column 
chromatography or Kugelrohr distillation. 
 
Kinetic studies 
In a typical experiment, an NMR sample was prepared as described above (see catalytic NMR 
experiments), but stored at -78 °C or 0 °C until kinetic measurements were initiated. For all 
kinetic measurements regarding the intermolecular hydroamination the alkene : amine-ratio 
was 10 : 1 to maintain pseudo first-order conditions. The NMR sample was then inserted into 
a Bruker DRX 400 NMR spectrometer, which had been pre-heated to a chosen temperature. 
Data were acquired using four scans per time interval with a long pulse delay (8 s) to avoid 
signal saturation. The reaction kinetics were usually monitored using the intensity changes in 
the substrate resonances over three or more half-lives on the basis of amine consumption (in 
case of hydroamination) or aromatic proton decrease (in case of hydroalkoxylation). The 
substrate concentration was determined by using an internal standard such as ferrocene, 
(SiMe3)4Si or liberated CH2(SiMe3)2 or HN(SiMe3)2. All data collected could be fit by least 
squares to Eq. 9 (intermolecular hydroamination) or Eq. 10 (intramolecular 
hydroalkoxylation). 
        H I?3>.JI?3>.  	 . K         Eq. 9 
        6CD. @E  6CD  	 . K      Eq. 10 
 
Where [Subs.]t=0 is the initial substrate concentration and [Subs.] the substrate concentration 
at the specific reaction time. T is the time, m the slope of the graph and A the y-axis intercept.  
 
10.3 Starting materials and employed chemicals 
Solvents were purchased from BDH laboratory supplies or the Aldrich Chemical Company. 
Solvents for flash chromatography were reagent or GPR grade and were used as received. 
Petrol refers to BDH AnalaR GPR petroleum spirit 40 - 60 ºC. Reaction solvents were 
distilled as specified: CH2Cl2, MeOH, pyridine and Et3N were distilled from calcium hydride 
under a nitrogen atmosphere. Diethyl ether and THF were distilled from sodium and 
benzophenone under nitrogen atmosphere. Toluene was distilled from sodium under nitrogen 
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atmosphere. If not specified otherwise all reagents were purchased from Aldrich Chemical 
Company. NMR solvents for catalytic reactions were of spectroscopic grade. D6-benzene 
(99.5 atom%) and d8-THF were freeze-pumped-thawed and refluxed over potassium over 
night in a sealed ampule. After cooling down to room temperature the solution was vacuum 
transferred to a pre-dried ampule and stored over molecular sieves (4 Å). For the 
hydroamination catalysis, all liquid amines and olefins were dried over CaH2, distilled under 
inert atmosphere and freeze-pump-thawed three times to eliminate oxygen. The liquids for the 
hydroalkoxylation were dried twice over molecular sieves (4 Å) for at least three days and 
freeze-pump-thaw three times to eliminate oxygen. Solid substrates were dried for several 
hours in vacuo or sublimed.  
The alkynyl alcohols 58, 65 and 71 were purchased from Aldrich Chemical Company, 
whereas 67 was purchased from TCL. The catalysts [Ca{N(SiMe3)2}2]2 5a, [Sr{N(SiMe3)2}2]2 
5b and [Ba{N(SiMe3)2}2]2 5c,218,315 aziridine,316 4-(nitromethyl)-1,2-dihydronaphthalene,317 
4-styryl-1,2-dihydronaphthalene 43,318 but-3-en-1-ynylbenzene 49,319 the dimeric amide 6,26 
the Dpp-BIAN ligand320, Me3SnF321, 62322 and 61323 were synthesised using literature 
procedures. Mosher’s chloride was synthesized in situ from a literature known procedure.324
 
 
10.4 Equations 
Arrhenius and Eyring plots 
Arrhenius found the empirical connection between the rate constant k and the reaction 
temperature T, which is known as the Arrhenius equation (Eq. 11). 
            K · (LMNO             Eq. 11 
With A being a constant, EA the activation energy and R the ideal gas constant. Differentiation 
of Eq. 11 leads to Eq. 12. 
          ln    RMS · T . K         Eq. 12 
Thus, a plot of ln k against the reciprocal temperature gives a straight line whose slope m 
yields the activation energy (Eq. 13). 
          	   RMS  U  VW   	 · X                   Eq. 13  
The Eyring equation is based on the transition state theory: 
            YZT[ · (∆ ‡NO · ∆\‡N         Eq. 14 
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With kB = Boltzmann constant, h = Plank’s constant, ] = correction factor, ∆5‡ = Enthalpy of 
activation of the transition state, R = ideal gas constant, ∆6‡ = Entropy of activation for the 
transition state. Differentiation of Eq. 14 leads to Eq. 15: 
           [YZT   ∆^‡S · T . ∆I‡S          Eq. 15 
Hence a plot of  [YZT against T gives a straight line and the slope m gives ∆5‡ (Eq. 16). The 
y-axis intercept b enables the calculation of ∆6‡ (Eq. 17).  
          	   ∆^‡S U ∆5‡   	 · X        Eq. 16 
           D  ∆I‡S _ ∆6‡  D · X           Eq. 17 
 
Calculation of standard errors for Eyring and Arrhenius plots 
The standard errors σ(∆H‡), σ(∆S‡) and σ(EA) were calculated using the least squares method 
for linear regression outlined below.325 
`  1*   a`  1 b 1*

E  
   c de*f g  1 b ln c kide*f

E  
For the Arrhenius plot yi and g are: 
  ln,4 g  1 b ln,i4E  
The variance of x (jk) and y (jl) and the covariance of x and y (cov(x,y)) is proportional to 
sxx, syy and sxy respectively: 
kk  b,`  a`4E  ll  b,  g4

E  kl  b,`  a`4,  g4

E  
The estimator of the variance (s2) can be expressed as: 
  mll  klkk  2  
The standard errors σ(∆H‡), σ(∆S‡) and σ(EA) are calculated as follows: 
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j,∆5‡4  X nkk j,∆6‡4  Xop1 . a`kkq j,VW4  X nkk 
11. Experimental procedures 
A Intermolecular hydroamination of styrene derivatives 
11.1 Comparison of alkaline earth catalysts 
Synthesis of bis(trimethylsilyl)methyl potassium 
(Me3Si)2CH2 + KOtBu
THF, nBuLi
-78 °C RT
16 h [LiOtBu]4 + [K{CH(SiMe3)2}(THF)n]
 
A solution of potassium tert-butoxide (1.50 g, 13.00 mmol) and bis(trimethylsilyl)methane 
(2.9 mL, 13.00 mmol) in dry THF (~30 mL) was cooled to -78 °C and nBuLi (2.5 M, 5.7 mL, 
14.00 mmol) was added. The solution was kept at -78 °C for 2 h and then allowed to slowly 
warm to ~+10 °C overnight. The brown-orange solution was evaporated to a brown solid, 
which was washed three times with hexane to yield bis(trimethylsilyl)methyl potassium as a 
beige solid (1.50 g, 6.00 mmol, 42%). The potassium salt was used without further 
purification. 
 
Synthesis of bis(bis(trimethylsilyl)methyl) calcium and strontium 
[K{CH(SiMe3)2}(THF)n] + MI2
THF
-78 °C RT
14 h
[M{CH(SiMe3)2}2(THF)2] + KI2
 
In a Schlenk flask bis(trimethylsilyl)methyl potassium (1.00 g, 4.00 mmol) and CaI2 (0.54 g, 
2.00 mmol) or SrI2 (0.63 g, 2.00 mmol) was cooled to -78 °C and dry THF (~30 mL) was 
added. The solution was stirred and allowed to slowly warm up to ~+10 °C overnight. The 
solvent was removed under reduced pressure and the remaining solid was extracted with 
hexane. In the case of the calcium compound white crystals were isolated after storage of the 
hexane solution at -30 °C (Two main batches: 0.64 g, 1.00 mmol, 50%). The dialkyl strontium 
complex proved to be very sensitive, therefore the hexane solution was directly condensed to 
yield the homoleptic bis(trimethylsilyl)methyl strontium complex with less than 10 mol% of 
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CH2(SiMe3)2 as impurity. Characterisation of [Ca{CH(SiMe3)2}2(THF)2]: 1H NMR 
(400 MHz, d6-benzene): δ/ppm = 3.43 – 3.51 (m, ~8H, THF), 1.15 – 1.25 (m, ~8H, THF), 
0.37 (s, 36H, CH(SiMe3)2, -1.62 (s, 2H, CH(SiMe3)2). 13C NMR (101 MHz, d6-benzene): 
δ/ppm = 69.0 (THF), 24.9 (THF), 6.3 (SiMe3), 1.4 (CH(SiMe3)2). Characterisation of 
[Sr{CH(SiMe3)2}2(THF)2]: 1H NMR (400 MHz, d6-benzene): δ/ppm = 3.34 – 3.45 (m, ~8H, 
THF), 1.15 – 1.25 (m, ~8H, THF), 0.38 (s, 36H, CH(SiMe3)2, -1.66 (s, 2H, CH(SiMe3)2). 
13C NMR (101 MHz, d6-benzene): δ/ppm = 68.7 (THF), 25.0 (THF), 6.5 (SiMe3), 1.4 
(CH(SiMe3)2). This synthesis was adapted from a reported procedure.32 
 
11.2 Scope of styrene and amine derivatives 
General experimental procedure for the catalytic hydroamination reaction of styrene 
derivatives: In a glovebox, a Young’s tap NMR tube was filled with [Sr{N(SiMe3)2}2]2 
(0.05 g, 0.13 mmol), the relevant amine (2.50 mmol) and the styrene derivative (2.50 mmol). 
To monitor the reaction by 1H NMR spectroscopy a sealed tube filled with d6-benzene was 
added. The NMR tube was sealed, removed from the glovebox and heated to 60 °C in a pre-
heated oil bath. 1H NMR spectra were measured in regular intervals until full conversion was 
observed. The products were exposed to air, diluted with Et2O and the suspension was filtered 
through Celite. After evaporating to dryness, an oil was isolated, which was purified by 
column chromatography or vacuum distillation. 
 
Synthesis of N-benzyl-2-(4-methoxyphenyl)ethanamine 11326 
+
[Sr{N(SiMe3)2}2]2 (5 mol%)
7 d, 60 °C
MeO
H
N
MeO
NH2
11
 
The reaction was complete after 144 h at 60 °C. Purification by column chromatography 
(silica gel, CHCl3 : NH3 in MeOH (7 M) = 100 : 0.4) yielded 11 as a colourless oil in 63% 
yield. 1H NMR (400 MHz, CDCl3): δ/ppm = 7.21 – 7.35 (m, 5H, Har), 7.12 (d, 2H, 
J = 8.6 Hz, Har), 6.83 (d, 2H, J = 8.7 Hz, Har), 3.80 (s, 2H, NHCH2Ph), 3.79 (s, 3H, OCH3), 
2.83 – 2.91 (m, 2H, NHCH2CH2), 2.78 (t, 2H, J = 6.8 Hz, NHCH2CH2), 1.66 (bs, 1H, NH). 
13C NMR (101 MHz, CDCl3): δ/ppm = 158.0 (Cq), 140.1 (Cq), 132.0 (Cq), 129.6 (Car), 128.4 
(Car), 128.1 (Car), 126.9 (Car), 113.9 (Car), 55.3 (OCH3), 53.8 (NHCH2Ph), 50.7 (NHCH2CH2), 
35.3 (NHCH2CH2). HRMS (ESI) m/z: calc. for C16H20NO: 242.1545 [M+]; found 242.1553. 
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Synthesis of N-benzyl-2-p-tolylethanamine 12173 
[Sr{N(SiMe3)2}2]2 (5 mol%)
28 h, 60 °C
+
NH2
H
N
12
 
The reaction was complete after 28 h at 60 °C. Purification by Kugelrohr distillation 
(0.04 mbar, T = 120 °C) yielded 12 as a colourless oil in 84% yield. 1H NMR (400 MHz, 
CDCl3): δ/ppm = 7.21 – 7.36 (m, 5H, Har), 7.10 (bs, 4H, Har), 3.81 (s, 2H, NHCH2Ph), 2.86 – 
2.93 (m, 2H, NHCH2CH2), 2.77 – 2.83 (m, 2H, NHCH2CH2), 2.32 (s, 3H, CH3), 1.88 (bs, 1H, 
NH). 13C NMR (101 MHz, CDCl3): δ/ppm = 139.9 (Cq), 136.8 (Cq), 135.6 (Cq), 129.1 (Car), 
128.6 (Car), 128.4 (Car), 128.2 (Car), 127.0 (Car), 53.8 (NHCH2Ph), 50.6 (NHCH2CH2), 35.7 
(NHCH2CH2), 21.0 (CH3). HRMS (ESI) m/z: calc. for C16H20N: 226.1596 [M+]; found 
226.1602.  
 
Synthesis of N-benzyl-2-phenylethanamine 13327 
+
[Sr{N(SiMe3)2}2]2 (5 mol%)
24 h, 60 °C
13
NH2
H
N
 
 
Reaction was complete after 24 h at 60 °C. Purification by column chromatography (silica 
gel, CHCl3 : NH3 in MeOH (7 M) = 10 : 2.2) yielded 13 as a colourless oil in 78% yield. 
1H NMR (400 MHz, CDCl3): δ/ppm = 7.16 – 7.36 (m, 10H, Har), 3.82 (s, 2H, NHCH2Ph), 
2.89 – 2.95 (m, 2H, NHCH2CH2), 2.82 – 2.88 (m, 2H, NHCH2CH2), 1.71 (bs, 1H, NH). 
13C NMR (101 MHz, CDCl3): δ/ppm = 140.0 (Cq), 139.9 (Cq), 128.7 (Car), 128.4 (Car), 128.4 
(Car), 128.1 (Car), 127.0 (Car), 126.1 (Car), 53.8 (NHCH2Ph), 50.5 (NHCH2CH2), 36.2 
(NHCH2CH2). HRMS (ESI) m/z: calc. for C15H18N: 212.1439 [M+]; found 212.1445.  
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Synthesis of 1-(4-chlorophenethyl)piperidine 14173 
[Sr{N(SiMe3)2}2]2 (5 mol%)
17 h, 60 °C
Cl
+
Cl
N
N
H 14
 
 
The reaction was complete after 17 h at 60 °C. Purification by column chromatography (silica 
gel, CHCl3 : NH3 in MeOH (7 M = 100 : 1) yielded 14 as a colourless oil in 69% yield. 
1H NMR (400 MHz, CDCl3): δ/ppm = 7.24 (d, 2H, J = 8.3 Hz, Har), 7.13 (d, 2H, J = 8.3 Hz, 
Har), 2.78 (dd, 2H, J = 6.5 Hz, J = 10.0 Hz, NCH2CH2Ph), 2.50 – 2.56 (m, 2H, NCH2CH2Ph), 
2.47 (bs, 4H, N(CH2CH2)2CH2), 1.57 – 1.60 (m, 4H, N(CH2CH2)2CH2), 1.40 – 1.50 (m, 2H, 
N(CH2CH2)2CH2). 13C NMR (101 MHz, CDCl3): δ/ppm = 139.0 (Cq), 131.7 (Cq), 130.0 (Car), 
128.4 (Car), 61.0 (NCH2CH2Ph), 54.5 {N(CH2CH2)2CH2}, 32.9 (NCH2CH2Ph), 25.9 
{N(CH2CH2)2CH2}, 24.3 {N(CH2CH2)2CH2}. HRMS (ESI) m/z: calc. for C13H19NCl: 
224.1206 [M+]; found 224.1213. 
 
Synthesis of 1-(4-chlorophenethyl)pyrrolidine 15 
[Sr{N(SiMe3)2}2]2 (5 mol%)
1 h, 60 °C
Cl
+
Cl
N
N
H 15
 
 
The reaction was complete after 1 h at 60 °C. Purification by column chromatography (silica 
gel, CHCl3 : NH3 in MeOH (7 M) = 7.5 : 1) yielded 15 as a colourless oil in 65% yield. 
1H NMR (400 MHz, CDCl3): δ/ppm = 7.24 (d, 2H, J = 8.4 Hz, Har), 7.14 (d, 2H, J = 8.3 Hz, 
Har), 2.81 (dd, 2H, J = 6.5 Hz, J = 10.0 Hz, NCH2CH2Ph), 2.64 – 2.70 (m, 2H, N-CH2CH2Ph), 
2.57 (bs, 4H, N(CH2CH2)2), 1.75 – 1.84 (m, 4H, N(CH2CH2)2). 13C NMR (101 MHz, CDCl3): 
δ/ppm = 138.9 (Cq), 131.7 (Cq), 130.0 (Car), 128.4 (Car), 58.1 (NCH2CH2Ph), 54.2 
(N(CH2CH2)2), 35.1 (NCH2CH2Ph), 23.4 (N(CH2CH2)2). HRMS (ESI) m/z: calc. for 
C12H17NCl: 210.1050 [M+]; found 210.1055. Anal. Calc. for C12H16NCl: C, 68.73; H, 7.69; 
N, 16.91; found: C, 68.71; H, 7.53; N, 16.87. 
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Synthesis of 1-phenethylpiperidine 18123 
[Sr{N(SiMe3)2}2]2 (5 mol%)
5 h, 60 °C
+
N
N
H 18
 
 
The reaction was complete after 5 h at 60 °C. Purification by column chromatography (silica 
gel, CHCl3 : NH3 in MeOH (7 M) = 20 : 0.5) yielded 18 as a colourless oil in 79% yield. 
1H NMR (400 MHz, CDCl3): δ/ppm = 7.28 – 7.35 (m, 2H, Har), 7.20 – 7.26 (m, 3H, Har), 
2.81 – 2.90 (m, 2H, NCH2CH2Ph), 2.56 – 2.65 (m, 2H, NCH2CH2Ph), 2.51 (bs, 4H, 
N(CH2CH2)2CH2), 1.67 (td, 4H, J = 5.6 Hz, J = 11.1 Hz, N(CH2CH2)2CH2), 1.45 – 1.55 (m, 
2H, N(CH2CH2)2CH2). 13C NMR (101 MHz, CDCl3): δ/ppm = 140.6 (Cq), 128.7 (Car), 128.3 
(Car), 126.0 (Car), 61.4 (NCH2CH2Ph), 54.5 (N(CH2CH2)2CH2), 33.6 (NCH2CH2Ph), 25.9 
(N(CH2CH2)2CH2), 24.4 (N(CH2CH2)2CH2). HRMS (ESI) m/z: calc. for C13H20N: 190.1596 
[M+]; found 190.1595. 
 
Synthesis of N-benzyl-2-(4-chlorophenyl)ethanamine 21173 
[Sr{N(SiMe3)2}2]2 (5 mol%)
48 h, 60 °C
Cl
+
NH2
Cl
H
N
21
 
The reaction was complete after 48 h at 60 °C. Purification by column chromatography (silica 
gel, CHCl3 : NH3 in MeOH (7 M) = 100 : 1) yielded 21 as a colourless oil in 65% yield. 
1H NMR (400 MHz, CDCl3): δ/ppm = 7.21 – 7.36 (m, 7H, Har), 7.13 (d, 2H, J = 8.4 Hz, Har), 
3.80 (s, 2H, NHCH2Ph), 2.85 – 2.91 (m, 2H, NHCH2CH2), 2.77 – 2.83 (m, 2H, NHCH2CH2), 
1.71 (bs, 1H, NH).  13C NMR (101 MHz, CDCl3): δ/ppm = 139.8 (Cq), 138.4 (Cq), 131.9 (Cq), 
130.0 (Car), 128.5 (Car), 128.4 (Car), 128.1 (Car), 127.0 (Car), 53.8 (NHCH2Ph), 50.2 
(NHCH2CH2), 35.6 (NHCH2CH2). HRMS (ESI) m/z: calc. for C15H17ClN: 246.1031 [M+]; 
found 246.1039. 
 
Synthesis of 1-(4-bromophenethyl)piperidine 22328 
[Sr{N(SiMe3)2}2]2 (5 mol%)
16 h, 50 °C
+
N
H
Br
N
Br
22
+ Polymers
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No further conversion took place after 18 h at 60 °C (ca. 10% styrene left). Purification by 
Kugelrohr distillation (p = 0.2 mbar, 160 °C) yielded 22 as a colourless oil in 48% yield. 
1H NMR (400 MHz, CDCl3): δ/ppm = 7.36 (d, 2H, J = 8.3 Hz, HAr), 7.05 (d, 2H, J = 8.3 Hz, 
HAr), 2.73 (dd, 2H, J = 6.5 Hz, J = 9.9 Hz, NHCH2CH2), 2.51 (dd, 2H, J = 6.5 Hz, J = 9.9 Hz, 
NHCH2CH2), 2.30 – 2.47 (m, 4H, N(CH2CH2)2CH2), 1.59 (td, 4H, J = 5.6 Hz, J = 11.0 Hz, 
N(CH2CH2)2CH2), 1.34 – 1.48 (m, 2H, N(CH2CH2)2CH2). 13C NMR (101 MHz, CDCl3): 
δ/ppm = 139.5 (Cq), 131.2 (Car), 130.3 (Car), 119.6 (Cq), 60.5 (NHCH2CH2), 54.4 
(N(CH2CH2)2CH2), 33.0 (NHCH2CH2), 25.9 (N(CH2CH2)2CH2), 24.3 (N(CH2CH2)2CH2). 
HRMS (ESI) m/z: calc. for C13H19BrN: 268.0701 [M+]; found 268.0693. 
 
Synthesis of N-(2-phenylpropyl)piperidine 23173 
N
H
+
[Sr{N(SiMe3)2}2 (5 mol%)
80 °C, 7 days N
23
 
The reaction was worked up after 7 days at 80 °C. Purification by column chromatography 
(silica gel, CH2Cl2 : MeOH (10 : 0.3→10:1 and a few drops of aqueous ammonia) yielded 23 
as a colourless oil in 66% yield (ca. 15% starting material left). 1H NMR (400 MHz, CDCl3): 
δ/ppm = 7.27 – 7.33 (m, 2H, Har), 7.16 – 7.24 (m, 2H, Har), 2.96 (sext., 1H, J = 7.0 Hz, 
PhCH), 2.38 – 2.50 (m, 2H, N(CH2CH2)2CH2), 2.24 – 2.36 (m, 2H, PhCH(CH3)CH2N), 1.47 – 
1.64 (m, 4H, N(CH2CH2)2CH2), 1.35 – 1.46 (m, 2H, N(CH2CH2)2CH2), 1.28 (d, 3H, 
J = 6.9 Hz, PhCH(CH3)CH2N). 13C NMR (101 MHz, CDCl3): δ/ppm = 146.8 (Cq), 128.4 
(Car), 127.4 (Car), 126.1 (Car), 67.2 (PhCH(CH3)CH2N), 55.1 (N(CH2CH2)2CH2), 37.6 
(PhCH), 26.2 (N(CH2CH2)2CH2), 24.7 (N(CH2CH2)2CH2), 20.2 (PhCH(CH3)CH2N). HRMS 
(ESI) m/z: calc. for C14H22N: 204.1752 [M+]; found 204.1749. 
 
Synthesis of N-benzyl-1,2,3,4-tetrahydronaphthalen-2-amine 24 
[Sr{N(SiMe3)2}2]2 (5 mol%)
5 days, 80 °C
+
NH2
H
N
24
 
 
The reaction was stopped after 5 days at 80 °C (1H NMR: 76% product and 24% remaining 
diehydronaphtalene). Purification by Kugelrohr distillation (200 °C, 0.1 mbar) to yield 24 as a 
colourless oil (0.32 g, 1.34 mmol, 67%). 1H NMR (400 MHz, d6-benzene): δ/ppm = 7.31 (d, 
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2H, J = 7.4 Hz, Har), 7.20 (t, 2H, J = 7.4 Hz, Har), 7.11 (t, 1H, J = 7.3 Hz, Har), 7.01 – 7.07 
(m, 2H, Har), 6.92 – 6.99 (m, 2H, Har), 3.64 (s, 2H, NHCH2Ph), 2.80 (dd, 1H, J = 4.7 Hz, 
J = 15.8 Hz, CCHabCH), 2.68 – 2.75 (m, 1H, CCHabCH), 2.65 (t, 1H, J = 5.2 Hz, 
CCHabCHab), 2.48 – 2.58 (m, 1H, CCHabCHab), 2.45 (dd, 1H, J = 8.6 Hz, J = 15.8 Hz, 
CCHabCH), 1.69 – 1.80 (m, 1H, CCHabCHab), 1.41 (dtd, 1H, J = 5.6 Hz, J = 9.8 Hz, 
J = 12.7 Hz, CCHabCHab), 0.85 (bs, 1H, NHCH2Ph). 13C NMR (101 MHz, CDCl3): δ/ppm = 
141.7 (Cq), 136.6 (Cq), 135.7 (Cq), 129.7 (Car), 129.0 (Car), 128.5 (Car), 128.3 (Car), 127.0 
(Car), 126.0 (Car), 126.0 (Car), 53.1 (CCHabCH), 51.4 (NHCH2Ph), 37.1 (CCHabCH), 29.8 
(CCHabCHab, 28.1 (CCHabCHab). HRMS (ESI) m/z: calc. for C17H20N: 238.1596 [M+]; found 
238.1595. IR (neat) 2r / cm-1: 3060, 3022, 2919, 2837, 1603, 1581, 1493, 1452, 1357, 1123, 
1027. Anal. Calc. for C17H19N: C, 86.03; H, 8.07; N, 5.90; found: C, 85.98; H, 8.02; N, 5.86. 
 
Synthesis of 1-phenethylpyrrolidine 25173 
[Sr{N(SiMe3)2}2]2 (5 mol%)
> 3.5 h, 60 °C
+
N
N
H 25
 
 
The reaction was complete after less than 3.5 h at 60 °C. Purification by Kugelrohr distillation 
yielded 25 as a colourless oil in 90% yield. 1H NMR (400 MHz, CDCl3): δ/ppm = 7.19 – 7.35 
(m, 5H, Har), 2.88 (dd, 2H, J = 5.9 Hz, J = 10.5 Hz, NCH2CH2Ph), 2.74 (dd, 2H, J = 5.8 Hz, 
J = 10.3 Hz, NCH2CH2Ph), 2.58 – 2.66 (m, 4H, N(CH2CH2)2), 1.80 – 1.90 (m, 4H, 
N(CH2CH2)2). 13C NMR (101 MHz, CDCl3): δ/ppm = 140.3 (Car), 128.4 (Car), 126.0 (Car), 
58.3 (NCH2CH2Ph), 54.2 {N(CH2CH2)2}, 35.7 (NCH2CH2Ph), 23.4 {N(CH2CH2)2}. HRMS 
(ESI) m/z: calc. for C12H18N: 176.1439 [M+]; found 176.1436. 
 
Synthesis of 1-phenethylazetidine 26 
[Sr{N(SiMe3)2}2]2 (5 mol%)
0.75 h, 60 °C
+
N
HN
26
 
 
The reaction was complete after 45 min at 60 °C. Purification by column chromatography 
(silica gel, CHCl3 : NH3 in MeOH (7 M) = 10 : 0.4) yielded 26 as colourless oil in 81% yield. 
1H NMR (400 MHz, CDCl3): δ/ppm = 7.15 – 7.21 (m, 3H, Har), 7.25 – 7.31 (m, 2H, Har), 
3.19 (t, 4H, J = 7.0 Hz, N(CH2)2CH2), 2.64 (bs, 4H, NCH2CH2Ph), 2.07 (q, 2H, J = 6.9 Hz, 
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N(CH2)2CH2). 13C NMR (101 MHz, CDCl3): δ/ppm = 140.2 (Cq), 128.6 (Car), 128.3 (Car), 
126.0 (Car), 61.6 (NCH2CH2Ph), 55.3 {N(CH2)2CH2}, 34.5 (NCH2CH2Ph), 17.8 
{N(CH2)2CH2}. HRMS (ESI) m/z: calc. for C11H16N: 162.1283 [M+]; found 162.1282. Anal. 
Calc. for C11H15N: C, 81.94; H, 9.38; N, 8.69; found: C, 81.87; H, 9.27; N, 8.63. 
 
Synthesis of 1-phenethylaziridine 27329 
HN
[Sr{N(SiMe3)2}2]2 (5 mol%)
4 h, 52 °C
+
N
27
 
 
The reaction was complete after 4 h at 52 °C. Purification by vacuum distillation (bp = 55 °C 
at = 0.3 mbar) yielded 27 as a colourless oil 72% yield. 1H NMR (400 MHz, CDCl3): δ/ppm 
= 7.17 – 7.35 (m, 5H, Har), 2.90 (t, 2H, J = 7.6 Hz, NCH2CH2Ph), 2.43 – 2.50 (m, 2H, 
NCH2CH2Ph), 1.71 – 1.76 (m, 2H, N(CHaHb)2), 1.06 – 1.12 (m, 2H, N(CHaHb)2). 13C NMR 
(101 MHz, CDCl3): δ/ppm = 140.1 (Cq), 128.7 (Car), 128.3 (Car), 126.0 (Car), 63.6 
(NCH2CH2Ph), 36.4 (NCH2CH2Ph), 27.3 {N(CHaHb)2}. HRMS (ESI) m/z: calc. for C10H14N: 
148.1126 [M+]; found 148.1131.  
 
Synthesis of 4-phenethylmorpholine 28173 
[Sr{N(SiMe3)2}2]2 (5 mol%)
4 h, 60 °C
+
N
N
H
O
O
28
 
 
The reaction was finished after 4 h at 60 °C. Purification by column chromatography (silica 
gel, CHCl3 : NH3 in MeOH (7 M = 100 : 1) yielded 28 as a colourless oil in 93% yield. 
1H NMR (400 MHz, CDCl3): δ/ppm = 7.17 – 7.33 (m, 5H, Har), 3.76 (t, 4H, J = 4.6 Hz, O-
CH2), 2.82 (dd, 2H, J = 6.4 Hz, J = 10.0 Hz, NCH2CH2Ph), 2.62 (dd, 2H, J = 6.4 Hz, 
J = 10.0 Hz, NCH2CH2Ph), 2.55 (s, 4H, N(CH2CH2)2O). 13C NMR (101 MHz, CDCl3): 
δ/ppm = 134.0 (Cq), 128.7 (Car), 128.4 (Car), 126.1 (Car), 66.9 (O-CH2), 60.8 (NCH2CH2Ph), 
53.6 (N(CH2CH2)2O, 33.2 (NCH2CH2Ph). HRMS (ESI) m/z: calc. for C12H18NO: 192.1388 
[M]+; found 192.1390. 
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Synthesis of 2-methyl-N-phenethylpropan-2-amine 29178 
[Sr{N(SiMe3)2}2]2 (5 mol%)
18 days, 60 °C
+
H
N
NH2
29
 
 
The reaction was stopped after 18 days at 60 °C (NMR: 58% product 29, 17% remaining 
styrene). Purification by Kugelrohr distillation yielded 37 as a colourless oil in 57% yield. 
1H NMR (400 MHz, CDCl3): δ/ppm = 7.20 – 7.35 (m, 5H, Har), 2.78 -2.89 (m, 4H, 
NCH2CH2Ph), 1.11 (s, 9H, C(CH3)3). 13C NMR (101 MHz, CDCl3): δ/ppm = 140.2 (Cq), 
128.7 (Car), 128.4 (Car), 126.1 (Car), 50.4 (C(CH3)3), 44.1 (NCH2CH2Ph), 37.1 (NCH2CH2Ph), 
28.9 (C(CH3)3). 
 
Synthesis of N,N-dibenzyl-2-phenylethanamine 30330 
NH
+ 2
N
2
[Sr{N(SiMe3)2}2]2, (5 mol%)
d6-benzene, 60 °C, 18 h
30
 
 
A Young tap NMR tube was filled with [Sr{N(SiMe3)2}2]2 (0.02 g, 0.04 mmol), 
dibenzylamine (167.9 μL, 0.87 mmol) and d6-benzene (177.5 μL). After the reactants were 
mixed, styrene was added (100.0 μL, 0.87 mmol). The tube was sealed, removed from the 
glovebox and placed in a pre-heated oil bath (60 °C). The reaction was monitored by 
1H NMR, which showed full conversion after 18 h. The reaction was treated with Et2O, 
filtered over Celite and concentrated to a yellow oil. The crude was purified by column 
chromatography (CH2Cl2 → CH2Cl2 : MeOH = 10 : 0.04, Rf = 0.53 in CH2Cl2) to yield a 
colourless oil (0.21 g, 0.68 mmol, 78%). 1H NMR (400 MHz, CDCl3) δ/ppm: 7.13 – 7.40 (m, 
13H, Har), 7.08 (d, 2H, J = 6.9 Hz, Har), 3.65 (s, 4H, {Ph-CH2}2N), 2.76 – 2.89 (m, 2H, 
NCH2CH2Ph), 2.64 – 2.73 (m, 2H, NCH2CH2Ph). 13C NMR (101 MHz, CDCl3) δ/ppm: 140.7 
(Cq), 139.8 (Cq), 129.0 (Car), 128.8 (Car), 128.3 (Car), 126.9 (Car), 126.0 (Car), 58.3 (Ph-
CH2N), 55.2 (NCH2CH2Ph), 33.6 (NCH2CH2Ph). HRMS (ESI) m/z calc. for C22H24N 
302.1909; found 302.1911. 
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Synthesis of diphenylethylamine 31331 
NH2
+ Ph
H
N Ph
[Sr{CH(SiMe3)2}2(THF)2] (5 mol%)
d8-THF, RT, 3 days
31
 
In a Young’s tap NMR tube [Sr{CH(SiMe3)2}2(THF)2] (0.01 g, 0.01 mmol) was dissolved in 
d8-THF (239.0 µL) and phenylethylamine (27.7 µL, 0.22 mmol) was added. After mixing the 
amine with the catalyst solution the light pink solution was treated with styrene (23.3 µL, 
0.22 mmol). The tube was sealed, removed from the glovebox and monitored by 1H NMR 
spectroscopy. After 3 days 70% of the styrene was cleanly converted into diphenylethylamine 
31. However, even after heating the reaction 3 h to 60 °C no further conversion could be 
initiated. The reaction was diluted with MeOH, filtered over Celite and purified by Kugelrohr 
distillation to yield a colourless oil (0.04 g, 0.15 mmol, 70%). 1H NMR (400 MHz, CDCl3) 
δ/ppm: 7.04 – 7.28(m, 10H, Har), 2.81 (t, 1H, J = 6.7 Hz, NCH2CH2), 2.70 (t, 1H, J = 6.7 Hz, 
NCH2CH2), 1.26 (bs, 1H, NH). 13C NMR (101 MHz, CDCl3) δ/ppm: 139.9 (Cq), 128.6 
(Cortho), 128.4 (Cmeta), 126.0 (Cpara), 51.0 (NCH2CH2), 36.3 (NCH2CH2).  
 
11.3 Kinetic Studies 
Synthesis of D1-piperidine 
 
 
A solution of piperidine (4.0 mL, 0.04 mmol) in dry Et2O (~40 mL) was cooled to 0 °C and 
nBuLi (32.0 mL of a 1.4 M solution in hexane) was added dropwise. The yellow suspension 
was stirred for 30 min and quenched with d4-MeOD (1.8 mL, 0.04 mmol). The reaction 
mixture was allowed to warm to room temperature and the white suspension was filtered and 
the solid washed with dry Et2O. The filtrate was pre-distilled over a Vigreux column at 90 °C 
and then purified by Kugelrohr distillation (first fraction at 95 °C, second at 120 °C). The 
second fraction contained the deuterated piperidine along with traces of hexane (< than 90% 
deuteration). 1H NMR (400 MHz, d6-benzene): δ/ppm = 2.55 – 2.63 (m, 4H, NHCH2), 1.33 – 
1.41 (m, 6H, NH(CH2CH2CH2)2.2D NMR (400 MHz, benzene): δ/ppm = 1.20 (bs). 
N
+ nBuLi
1) Et2O, 0°C, 30 min
2) MeOD
- HBu
- MeO-Li+
N
DH
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Synthesis of D-1-phenethylpiperidine 
+
N
D
N
[Sr{N(SiMe3)2}2]2 (5 mol%)
d6-benzene, 60 °C, 16 h
D
 
 
A Young’s tap NMR tube was filled with [Sr{N(SiMe3)2}2]2 (0.03 g, 0.07 mmol), piperidine 
(200 µL, 1.36 mmol) and d6-benzene (68.6 µL). The solution was throughly mixed before 
styrene (171.4 µL, 1.50 mmol) was added. The NMR tube was sealed, removed from the 
glovebox and and heated to 60 °C for 16 h. The reaction was treated with Et2O, filtered 
through Celite and purified by Kugelrohr distillation (~ 100 °C, p = 2·10-1 mbar) to yield d-1-
phenethylpiperidine as a colourless oil (0.23 g, 1.22 mmol, 90%). 1H NMR (400 MHz, 
CDCl3): δ/ppm = 7.26 – 7.35 (m, 2H, Har), 7.16 – 7-26 (m, 3H, Har), 2.78 – 2.89 (m, 1H, 
PhCHDCH2), 2.55 – 2.63 (m, 2H, PhCHDCH2), 2.31 – 2.52 (m, 4H, N(CH2CH2)2CH2), 1.64 
(td, 4H, J = 5.5 Hz, J = 11.1 Hz, N(CH2CH2)2CH2), 1.36 – 1.52 (m, 2H, N(CH2CH2)2CH2). 
13C NMR (101 MHz, CDCl3): δ/ppm = 141.3 (Cq), 129.1 (Cortho), 128.6 (Cmeta), 126.2 (Cpara), 
61.6 (PhCHDCH2), 54.9 (N(CH2CH2)2CH2), 34.0 (t, J = 19.2 Hz), 26.6 (N(CH2CH2)2CH2), 
25.0 (N(CH2CH2)CH2). HRMS (ESI) m/z: calc. for C13H19ND+: 191.1659 [MH+]; found 
191.1661 and calculated for C13H18ND [M+]: 190.1580; found 190.1660. 
 
11.4 Solvent dependence and observed side reactions 
Polymerisation of styrene 
n
[Sr{CH(SiMe3)2}2(THF)2] (4 mol%)
toluene, 0°C, 2.5 h
 
 
A solution of [Sr{CH(SiMe3)2}2(THF)2] (0.02 g, 0.04 mmol) in dry toluene (2.5 mL) was 
cooled to 0 °C and styrene (250.0 μL, 2.18 mmol) was added. The yellow solution was kept at 
0 °C for 2.5 h, before pouring onto dry methanol. The resulting white solid was filtered off 
and dried under vacuum (0.24 g). The polymer was analysed by GPC in DMF. 
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Hydroamination of styrene in THF 
[Ca{CH(SiMe3)2}2(THF)2]
+
N
H
(5 mol%), THF N
+
N
3318
 
A Young’s tap NMR tube was filled with [Ca{CH(SiMe3)2}2(THF)2] (100 g/mol, 46.0 µL, 
0.01 mmol), d8-THF (394.0 µL) and piperidine (17.9 µL, 0.18 mmol). After the reactants were 
mixed, styrene (28.1 µL, 0.18 mmol) was added. The tube was sealed and removed from the 
glovebox. After 15 min full conversion was observed by 1H NMR spectroscopy and the 
slightly pink solution was treated with Et2O. The crude was purified by column 
chromatography (CH2Cl2 : MeOH/NH3 = 10 : 0.25) to yield 18 in 43% and 33 in 21%. 
Characterisation for 33: 1H NMR (400 MHz, CDCl3) δ/ppm: 7.10 – 7.40 (m, 10H, Har), 2.76 
– 2.97 (m, 1H, Ph-CHCH2), 2.23 – 2.61 (m, 6H, Ph-CH2CH2/N(CH2CH2)2CH2), 1.86 (ddt, 
2H, J = 4.8 Hz, J = 9.7 Hz, J = 14.4 Hz, Ph-CHCH2), 1.47 – 1.61 (m, 4H, N(CH2CH2)CH2), 
1.33 – 1.44 (m, 2H, N(CH2CH2)CH2). 13C NMR (101 MHz, CDCl3) δ/ppm: 144.9 (Cq), 142.8 
(Cq), 128.6 (Car) 128.5 (Car), 128.3 (Car), 128.1 (Car), 126.3 (Car), 125.7 (Car), 66.2 (Ph-
CHCH2), 55.1 (N(CH2CH2)2CH2), 43.2 (Ph-CHCH2) , 35.9 (Ph-CH2CH2), 33.7 (Ph-CH2CH2), 
26.2 (N(CH2CH2)2CH2), 24.6 (N(CH2CH2)2CH2). HRMS (ESI) m/z: calc. for C27H28N 
294.2222; found 294.2216. The mass also showed peaks of higher oligomerisation products. 
 
 
B. Dienes and triple bonds 
Synthesis of N-benzyl-3-methylbut-2-en-1-amine 34332 
NH2
+
[M{N(SiMe3)2}2]2 (10 mol%)
60 °C
H
N
H
N
+
M = Ca: 16 days
= Sr: 3 days
35
34
 
A solution of [Sr{N(SiMe3)2}2]2 (0.05 g, 0.13 mmol) or [Ca{N(SiMe3)2}2]2 (0.05 g, 
0.13 mmol), isopropene (0.17 g, 2.50 mmol) and benzylamine (0.27 g, 2.50 mol) was heated 
to 60 °C for 3 days (strontium catalyst) or 16 days (calcium catalyst). The resulting yellow 
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suspension was cooled to RT and exposed to air (intense red colour). After treatment with a 
water-Et2O mixture (1:1) the suspension was filtered through Celite and the solids washed 
with Et2O. The phases were separated, the organic phase was dried over MgSO4 and 
evaporated to dryness yielding a yellow oil of a 5:1-mixture of 34 and 35 (0.39 g, 2.25 mmol, 
90%). 1H NMR (400 MHz, CDCl3): δ/ppm = 7.20 – 7.35 (m, 8H, Har), 5.29 (t, 1H, 
J = 6.9 Hz, CH2C(H)=C(CH3)ab, 34), 4.78 (s, 1H, C=CHab, 35), 4.73 (s, 1H, C=CHab, 35), 
3.81 (s, 2H, Bz-CH2NH, 35), 3.79 (s, 2H, Bz-CH2NH, 34), 3.23 (d, 2H, J = 6.9 Hz, NHCH2, 
34), 2.75 (t, 2H, J = 6.9 Hz, NHCH2CH2, 35), 2.25 (t, 2H, J = 6.9 Hz, NHCH2CH2, 35), 1.73 
(s, 3H, CH2C(H)=C(CH3)ab, 34), 1.71 (s, 3H, CH3, 35), 1.62 (s, 3H, CH2C(H)=C(CH3)ab, 34). 
13C NMR (101 MHz, CDCl3): δ/ppm = 143.3 (C=CHab, 35), 140.4 (Cq, 34), 139.8 (Cq, 35), 
134.0 (CH2C(H)=C(CH3)ab), 128.3 (Car, 35), 128.1 (Car, 34), 128.0 (Car, 34), 127.9 (Car, 35), 
126.7 (Car, 17), 123.0 (Car, 35), 126.5 (CH2C(H)=C(CH3)ab), 111.4 (C=CH2), 53.8 (Bz-
CH2NH, 35), 53.3 (Bz-CH2NH, 34), 46.7 (NHCH2CH2, 35), 46.6 (CH2C(H)=C(CH3)ab, 34), 
37.9 (NHCH2CH2, 35), 25.6 (CH2C(H)=C(CH3)ab, 34), 22.1 (CH3, 35), 17.7 
(CH2C(H)=C(CH3)ab, 34). HRMS (ESI) m/z: calc. for C12H18N 176.1439; found 176.1429. 
 
 
Synthesis of N,N-bis(3-methyl-2-buten-1-yl)-benzenemethanamine 36333 
NH2
+
[Sr{N(SiMe3)2}2]2 (10 mol%)
60 °C, 3 days
1.3 eq. 34 + 35 +
N
36
~ 1: 0.2: 0.2
Same reaction procedure as a), except 1.3 equ. of isopropene were used. Characterisation for 
36. 1H NMR (400 MHz, CDCl3): δ/ppm = 7.20 – 7.40 (m, 5H, HAr), 5.32 – 5.38 (m, 2H, 
CH2C(H)=C(CH3)ab), 3.56 (s, 2H, Bz-CH2NH), 3.05 (d, 4H, J = 6.8 Hz, NHCH2), 1.76 (s, 6H, 
CH2C(H)=C(CH3)ab), 1.64 (s, 6H, CH2C(H)=C(CH3)ab). 13C NMR (101 MHz, CDCl3): δ/ppm 
= 134.2, 128.8, 128.3, 126.9, 122.1, 57.9, 51.1, 25.8, 17.8. HRMS (ESI) m/z: calc. for 
C17H26N 244.2065; found 244.1979.  
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Synthesis of 1-(3-methylbut-2-enyl)piperidine 37333 
N
H
+ NN +
[M{CH(SiMe3)2}2(THF)2]
d6-benzene, RT / 60 °C, 6 - 9h
37 38
(5-10 mol%)
 
A Young’s tap NMR tube was filled with isopropene (10.0 µL, 0.10 mmol), piperidine 
(10.0 µL, 0.10 mmol), [Ca{CH(SiMe3)2}2(THF)2] or [Sr{CH(SiMe3)2}2(THF)2] (100 g/L, 
0.01 mmol or 0.01 mmol) and d6-benzene (Vtotal = 440.0 µL). The tube was removed from the 
glovebox and heated in an oil bath to 60 °C in case of the calcium system and left at RT for 
the strontium catalysis. The reactions were monitored by 1H NMR spectroscopy and after 9 h 
(37 : 38 = 10 : 1) and 6 h (37 : 38 = 38 : 1) full conversion was observed for calcium and 
strontium, respectively. The yields have been determined by NMR-integrations with 83% and 
15% for the calcium and strontium, respectively. Characterisation of 37: 1H NMR (400 MHz, 
d6-benzene) δ/ppm = 5.36 – 5.48 (m, 2H, CH2C(H)=C(CH3)ab), 2.90 (d, 1H, J = 6.9 Hz, 
CH2C(H)=C(CH3)ab), 2.25 – 2.45 (m, 4H, N(CH2CH2)2CH2), 1.63 (d, 3H, J = 0.9 Hz, 
CH2C(H)=C(CH3)ab), 1.47 – 1.58 (m, 7H, N(CH2CH2)2CH2/CH2C(H)=C(CH3)ab), 1.27 – 1.42 
(m, 2H, N(CH2CH2)CH2). 13C NMR (101 MHz, CDCl3): δ/ppm = 133.8 
(CH2C(H)=C(CH3)ab), 123.2 (CH2C(H)=C(CH3)ab, 57.3 (CH2C(H)C(CH3)ab), 54.8 
(N(CH2CH2)2CH2), 26.6 (N(CH2CH2)2CH2), 25.9 (CH2C(H)=C(CH3)ab, 25.0 
(N(CH2CH2)2CH2), 18.0 (CH2C(H)=C(CH3)ab). HRMS  (ESI) m/z: calc. for C10H20N 
154.1596; found 154.1593. 
 
Synthesis of (Z)-1-(3,7-dimethylocta-2,6-dienyl)piperidine 39 
N
N
N
H
+
[Sr{N(SiMe3)2}2]2(5 mol%)
60 °C, 2 h
+
39
40
39:40 = 100 : 7
 
A Young’s tap NMR tube was filled with [Sr{N(SiMe3)2}2]2 (0.04 g, 0.09 mmol), piperidine 
(177.8 µL, 1.80 mmol) and myrcene (310.0 µL, 1.80 mmol). After a homogenous solution 
was obtained, a sealed capillary filled with d6-benzene was added, the tube sealed, removed 
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from the glovebox and heated to 60 °C in an oil bath for 12 h. The reaction was diluted with 
wet Et2O, filtered over a pad of Celite and the solvent was removed in vacuo. The colourless 
oil was purified by column chromatography (CH2Cl2 : MeOH/NH3 = 10 : 0.4) to yield 39 and 
40 as a colourless oil (0.29 g, 1.30 mmol, 72%). Characterisation of 39: 1H NMR (400 MHz, 
d6-benzene) δ/ppm = 5.44 (dt, 1H, J = 1.2 Hz, J = 6.8 Hz, NCH2CH), 5.10 - 5.20 (m, 1H, 
CHCH2CH2), 2.92 (d, 2H, J = 6.8 Hz, NCH2CH), 2.22 – 2.52 (m, 4H, N(CH2CH2)2CH2), 2.08 
– 2.16 (m, 2H, CHCH2CH2), 2.00 – 2.08 (m, 2H, CHCH2CH2), 1.64 (2, 3H, CH3), 1.57 (2, 
3H, CH3), 1.48 – 1.53 (m, 7H, CH3/N(CH2CH2)2CH2), 1.25  - 1.40 (m, 2H, N(CH2CH2)2CH2). 
13C NMR (101 MHz, CDCl3): δ/ppm = 137.7 (Cq), 131.2 (Cq), 124.8 (CHCH2CH2), 122.9 
(NCH2CH), 57.2 (NCH2CH), 54.8 (N(CH2CH2)2CH2), 40.2 (CHCH2CH2), 26.9 
(CHCH2CH2), 26.5 (N(CH2CH2)2CH2), 25.9 (CH3), 25.0 (N(CH2CH2)CH2), 17.7 (CH3), 16.4 
(CH3). IR (neat) 2r / cm-1: 2930, 2853, 2756, 1442, 1276, 1296, 1153, 1106, 1038, 990, 860, 
775, 506. HRMS (ESI) m/z: calc. for C15H28N 222.2222; found 222.2222. 
 
Synthesis of 3,4-dihydronaphthalen-1-yl trifluoromethanesulfonate 78334 
O OTf
1) KHMDS, THF
-78 °C -20 °C
2) PhN(Tf)2
-78 °C, 1.5 h
- HHMDS
- PhN(Tf)K77 78
 
Under dry conditions the ketone 77 (1.8 mL, 13.68 mmol) was dissolved in ~10 mL dry THF 
and cooled down to -78 °C. A solution of KHMDS (0.5 M in toluene, 30.1 mL, 15.05 mmol) 
was added and the solution was warmed up to ~ -20 °C. The resulting brown-red solution was 
cooled down to -78 °C before N-Phenyl-bis(trifluoromethanesulfonimide) (5.13 g, 
14.36 mmol) in 10 mL dry THF was added dropwise. The colour of the solution changed 
rapidly to black. After stirring at -78 °C for 1.5 h, the reaction was quenched with 10 mL 
water and allowed to warm up to room temperature. The solution was extracted twice with 
4 mL ethyl acetate, the combined organic layers were dried over MgSO4 and the solvent was 
removed in vacuo to give 78 as an orange-yellow oil. The product was found to be sensitive to 
acidic silica gel. After purification by distillation 78 was obtained as a yellow oil (7.09 g, 
9.85 mmol, 72% yield). 1H NMR (400 MHz, CDCl3): δ/ppm = 7.30 – 7.23 (m, 4H, Har), 6.02 
(t, 1H, J = 4.8 Hz, C=CH), 2.87 (t, 1H, J = 8.2 Hz, Car-CH2-CH2), 2.51 (dt, 1H, J = 4.8 Hz, 
J = 8.2 Hz, Car-CH2-CH2). 13C NMR (101 MHz, CDCl3): δ/ppm = 146.3, 136.2, 129.2, 128.6, 
127.7, 126.9, 121.2, 120.2, 117.7, 117.0, 26.8 , 22.3. 
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Synthesis of 4-vinyl-1,2-dihydronaphthalene 41335 
1) [Pd(PPh3)4] (5 mol%), LiCl
DMF, 100 °C, 12 h
SnBu3
OTf
78 41
- Bu3SnF
- KBr, KOTf
-
2) 3) KF, water
Br
 
The catalyst [Pd(PPh3)4] (1.04 g, 0.90 mmol) and LiCl (2.34 g, 54.00 mmol) were dissolved in 
dry, degassed DMF (~75 mL) under an atmosphere of argon and stirred for 10 min. The 
yellow suspension was treated with tributyl(vinyl)stannane (5.5 ml, 18.90 mmol) and the 
triflate 78 (5.00 g, 18. 00 mmol). The reaction mixture was heated to 100 °C for 12 h and 2-
bromoprop-1-ene (250.0 µL, 3.60 mmol) was added to react with the excess of the stannane 
reagent. The dark brown solution was stirred for an additional 30 min, before quenching with 
water and filtration through Celite. The solids were washed with Et2O, the phases separated 
and the organic phase was treated with 0.1 M KF-solution. The mixture was stirred vigorously 
for 1 h, followed by filtration through Celite, phase separation and drying of the organic phase 
over MgSO4. The resulting yellow oil was purified by column chromatography (silica gel, 
pentane) and yielded a colourless oil of 41 (0.56 g, 3.80 mmol, 20%). TLC: Rf = 0.6 
(pentane). 1H NMR (400 MHz, CDCl3): δ/ppm = 7.34 (d, 1H, J = 7.3 Hz, Har), 7.23 – 7.14 
(m, 3H, Har), 6.63 (ddd, 1H, J = 0.9 Hz, J = 10.8 Hz, J = 17.5 Hz, CHcisHtrans=CH ), 6.19 (t, 
1H, J = 4.8 Hz, CHCH2), 5.53 (dd, 1H, J =1.6 Hz, J = 17.4 Hz, CHcisCHtrans=CH), 5.20 (dd, 
1H, J =1.7 Hz, J = 10.9 Hz, CHcisCHtrans=CH), 2.78 – 2.72 (m, 2H, CH2CH2CH), 2.31 (dt, 
2H, J = 5.1 Hz, J = 7.7 Hz, CH2CH2CH). 13C NMR (101 MHz, CDCl3): δ/ppm = 136.5 (Cq), 
136.5 (Cq), 135.5 (H2C=CHCq), 134.0 (Cq), 127.5 (Car), 126.9 (Car), 126.3 (Car, CHCH2), 
123.8, (Car), 115.1 (H2C=CHCq), 28.1 (CHCH2CH2), 23.1 (CHCH2CH2). MS (EI) m/z: 156 
(M+). 
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Synthesis of 1-ethylnaphthalene 42336 
41
[Ca{N(SiMe3)2}2]2 (13 mol%)
10 h, 60 °C
NH2
42
(10 mol%)
 
A solution of benzylamine (0.01 g, 0.02 mmol), diene 41 (0.36 g, 0.23 mmol) and 
[Ca{N(SiMe3)2}2]2 (0.01 g, 0.03 mmol) in dry d6-benzene (600.0 µL) was heated to 60 °C for 
10 h. After exposure to air, the suspension was diluted with Et2O and water (1:1) and filtered 
through Celite. The phases were separated, the organic layer dried over MgSO4 and 
evaporated to dryness. The oil was purified by vacuum distillation resulting in 42 (0.28 g, 
1.81 mmol, 91%). 1H NMR (400 MHz, CDCl3): δ/ppm = 8.08 (d, 1H, J = 8.3 Hz, H-8), 7.87 
(d, 1H, J = 8.9 Hz, H-5), 7.72 (d, 1H, J = 8.1 Hz, H-4), 7.36 (d, 1H, J = 6.9 Hz, H-2), 7.46 – 
7.55 (m, 2H, Har), 7.40 – 7.45 (m, 1H, Har), 3.14 (qua, 2H, J = 7.5 Hz, CH2CH3), 1.41 (t, 3H, 
J = 7.5 Hz, CH2CH3). 13C NMR (101 MHz, CDCl3): δ/ppm = 140.3, 133.8, 131.7, 128.7, 
126.4, 125.7, 125.6, 125.4, 124.8, 123.7, 25.9 (CH2CH3), 15.0 (CH2CH3). 
 
Synthesis of 13-phenyl-12b-styryl-5,6,6a,6b,7,8,12b,13-octahydropicene 44 
H
H
13
6a
6b
5
6
7
8
14
15
16A) RT, 7 days or
B) Sr-amide 5b,
pyrrolidine, 52 °C
2
43 44
 
The diene 43 (0.15 g, 0.65 mmol) was dissolved in pyrrolidine (536.0 μL, 6.40 mmol) and 
[Sr{N(SiMe3)2}2]2 (0.02 g, 0.08 mmol) was added. The orange suspension was heated to 
52 °C for 3 days. The cooled suspension was diluted with chloroform to obtain a solution. The 
solution was evaporated to dryness and the solid was purified by column chromatography 
(silica gel, pentane) to obtain a white solid (0.05 g, 0.10 mmol, 15%). TLC: Rf = 0.3 
(pentane). 1H NMR (400 MHz, CDCl3): δ/ppm = 6.90 – 7.60 (m, 18H, Har), 6.34 (d, 1H, 
J = 4.3 Hz, H14), 5.66 (d, 1H, J = 16.1 Hz, H15/16), 5.49 (d, 1H, J = 16.1 Hz, H15/16), 4.45 
(d, 1H, J = 5.3 Hz, H13), 1.60 – 3.00 (m, 10H, H5,H6,H6a,H6b,H7,H8). 13C NMR (101 
MHz, CDCl3): δ/ppm = 141.0, 139.3, 138.0, 137.5, 137.2, 136.1, 135.1, 131.6, 129.8, 129.1, 
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128.3, 127.6, 126.9, 126.7, 126.5, 126.1, 126.0, 125.8, 125.2, 124.1, 121.2, 49.5, 46.2, 37.4, 
36.4, 30.1, 28.8, 24.8, 20.4. MS (EI) m/z: 464 (M+), 232 (43). HRMS (ESI) m/z: calc. for 
C36H32 464.2504; found 464.2501. 
 
Isomerisation of 1-pentene 
[Sr{CH(SiMe3)2}2(THF)2], (5 mol%)
piperidine (1 eq)
d6-benzene, 45 °C, 16 h
+
45 46
 
A Young’s tap NMR tube was filled with [Sr{CH(SiMe3)2}2(THF)2] (0.03 g, 0.05 mmol), 
piperidine (63.0 μL, 0.64 mmol), 1-pentene (70.0 μL, 0.64 mmol) and d6-benzene (300.0 μL). 
The tube was removed from the glovebox and heated to 45 °C for 16 h. Quantitative 
conversion to 2-pentene was observed with E : Z = 2:1. 1H NMR (400 MHz, d6-benzene): 
δ/ppm = 5.29 – 5.46 (m, 4H, CH3CHCH), 1.88 (m, 4H, CH3CH2), 1.57 (dd, 3H, J = 1.0 Hz, 
J = 6.0 Hz, (CH3)transCHCH), 1.51 (d, 3H, J = 5.0 Hz, (CH3)cisCHCH), 0.86 – 0.95 (m, 6H, 
CH3CH2). Compounds 45 and 46 are commercially available. 
 
Synthesis of 1-(1,2-diphenylvinyl)piperidine 47 
Ph Ph
N
H
+
PhPh
N
[Sr{CH(SiMe3)2}2(THF)2] (5 mol%)
d8-THF, 60 °C, 2 h Ph
Ph
N
+
47 48
 
In a glovebox, a Young’s tap NMR tube was filled with [Sr{CH(SiMe3)2}2(THF)2] (0.01 g, 
0.02 mmol) and dissolved in d8-THF (220.0 µL). Piperidine (31.6 μL, 0.32 mmol) and 
diphenylacetylene (0.04 g, 0.22 mmol) in d8-THF (220.0 µL) were added and the NMR tube 
was shaken upside down. The tube was removed from the glovebox and placed in a 60 °C oil 
bath. After 2 h full conversion was observed by 1H NMR spectroscopy and GS/MS. The 
intense violet solution was diluted with Et2O, filtered and purified by Kugelrohr distillation to 
yield 47 and 48 as a colourless oil (0.04 g, 0.15 mmol, 67%). 47:48 = 10:1. Compounds 47 
and 48 are not stable on silica gel or alumini. The oxidised product is isolated.  
Characterisation for 47: 1H NMR (400 MHz, d6-benzene) δ/ppm: 6.75 – 7.56 (m, 10H, Har), 
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5.70 (s, 1H, C=CH), 2.60 – 3.00 (m, 4H, N(CH2CH2)2CH2) , 1.24 – 1.65 (m, 6H, 
N(CH2CH2)2CH2). 13C NMR (101 MHz, d6-benzene) δ/ppm: 152.2 (C=C-N), 139.9 (Cq), 
138.5 (Cq), 130.8 (Car), 129.0 (Car), 128.7 (Car), 128.3 (Car), 128.1 (Car), 124.4 (Car), 106.4 
(C=CH), 50.3 (N(CH2CH2)2CH2), 26.4 (N(CH2CH2)2CH2), 24.8 (N(CH2CH2)2CH2). HRMS 
(ESI) m/z: calc. for C19H22N: 264.1752 [M+]; found 264.1759.  
 
Synthesis of rac-1-(4-phenylbuta-2,3-dienyl)piperidine 50 
+
N
H
Ph
•
H
N
[Sr{N(SiMe3)2}2]2, (5 mol%)
toluene, 0 °C, 4 h
5049
 
In a glovebox, a Schlenk tube fitted with a Young’s tap was filled with [Sr{N(SiMe3)2}2]2 
(0.02 g, 0.04 mmol), piperidine (77.1 µL, 0.78 mmol) and toluene (1.2 mL). The tube was 
sealed, removed from the glovebox and cooled to 0 °C. 3-Buten-1-yn-1-yl-benzene (100.0 µL, 
0.78 mmol) was added and the reaction was stirred for 4 h at 0 °C. The reaction was quenched 
with 1.0 mL methanol and the solution was evaporated to dryness. The crude oil was purified 
by column chromatography (aluminium oxide, petrol ether : EtOAc = 10 : 0.1, then more 
polar) to yield 50 as colourless oil (0.120 g, 0.560, 72%). 1H NMR (400 MHz, d6-benzene) 
δ/ppm: 7.27 (d, 2H, J = 7.5 Hz, Har), 7.06 – 7-15 (m, 2H, Har), 7.00 (dd, 1H, J = 7.3 Hz, 
J = 7.3, Har), 6.11 (td, 1H, J = 2.4 Hz, J = 6.2 Hz, Ph-CH) 5.58 (q, 1H, J = 6.9 Hz, 
C=CHCH2), 3.03 (dd, 2H, J = 2.5 Hz, J = 7.0 Hz, C=CCHCH2), 2.25 – 2.44 (m, 4H, 
N(CH2CH2)2CH2), 1.51 (td, 4H, J = 5.6 Hz, J = 11.0 Hz, N(CH2CH2)2CH2), 1.22 – 1.32 (m, 
2H, N(CH2CH2)2CH2). 13C NMR (101 MHz, CDCl3): δ/ppm = 206.1 (C=CHCH2), 134.6 
(Cq), 128.7 (Car), 126.9 (Car), 126.8 (Car), 94.6 (Ph-CH), 91.8 (C=CHCH2), 58.3 (C=CHCH2), 
54.1 (N(CH2CH2)2CH2), 26.1 (N(CH2CH2)2CH2, 24.3 (N(CH2CH2)2CH2). IR (neat) λ / cm-1: 
2933, 2853, 2797, 2748, 1948, 1495, 1458, 1338, 1299, 1153, 1108, 1038, 991. HRMS (ESI) 
m/z: calc. for C15H20N 214.1596; found 214.1595. 
 
 
 
IV. Experimental Procedure  166 
 
C. C-F activation 
Synthesis of ((perfluorophenyl)methylene)bis(trimethylsilane) 51 
F
F
F
F
F
F
+ [Sr{CH(SiMe3)2}2(THF)2]
(also Ca-Alkyl)
d6-benzene,
RT, 1 h F
F F
F
F
SiMe3Me3Si
2
51
- SrI2
 
A Young’s tap NMR tube was filled with [Sr{CH(SiMe3}2(THF)2] (0.02 g, 0.04 mmol) in d6-
benzene (430.0 µL). Perfluorobenzene (8.4 μL, 0.07 mmol) was added and the compounds 
were mixed. The tube was removed from the glovebox and monitored by 1H and 19F NMR 
spectroscopy. The reaction mixture became a red-orange suspension after ~15 min, which was 
treated with MeOH (0.1 mL) after 1 h reaction time. The reaction mixture was further 
analysed by GC-MS, which showed 51 as the main product, with small baseline impurities. 
The solvent removal and purification was carried out by Kugelrohr distillation to yield 51 as a 
colourless oil (0.02 g, 0.05 mol, 62%). 1H NMR (400 MHz, d6-benzene) δ/ppm: 1.75 – 1.82 
(m, 1H, CH(SiMe3)2), -0.04 (d, 18H, J = 1.4Hz, CH(SiMe3)2. 19F NMR (377 MHz, d6-
benzene) δ/ppm: -137.25 (d, 1H, J = 22.6 Hz, stu@[t ), -142.07 (dd, 1H, J = 7.7 Hz, 
J = 24.1 Hz, stu@[t3 ), -159.45 (t, 1H, J = 21.8 Hz,svu), -161.85 - -161.68 (m, 1H, s@3 ),  
-162.71 (dt, 1H, J = 7.7 Hz, J = 22.3 Hz, s@ ). 13C NMR (101 MHz, d6-benzene) δ/ppm: 
144.9, 144.8, 144.3, 144.3, 137.9, 137.6, 16.0, -0.1. IR 2r / cm-1 : 2957, 1515, 1491, 1253, 
978, 962, 840, 827, 690. HRMS (ESI) m/z: calc. for C13H19F5Si2 326.0945; found 326.0941. 
 
Synthesis of 5,6,7,8-tetrafluoro-1,4-dihydro-1,4-epoxynaphthalene 52 
H
F
F
F
F
F
+ [Sr{CH(SiMe3)2}2(THF)2]
(also Ca-Alkyl)
d8-toluene
-20°C, 16 h
F
F
F
F
O
O
F
F
F
F
-CH2(SiMe3)2
-SrI2
52
 
A Schlenk ampule filled with [Ca{CH(SiMe3)2}2(THF)2] or [Sr{CH(SiMe3)2}2(THF)2] 
(0.04 mmol) was cooled to 0 °C. A pre-cooled solution of pentafluorobenzene (8.8 µL, 
0.08 mmol) in furan (440.0 µL) was added via a cannula and the reaction was stirred for 18 h. 
The resultant brown suspension was treated with wet Et2O (1.0 mL) and filtered over Celite. 
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The removal of the solvent and the purification were carried out by Kugelrohr distillation to 
yield 52 as a colorless oil. H NMR (400 MHz, d6-benzene) δ/ppm: 6.12 – 6.18 (m, 2H, 
C=CH), 5.33 – 5.40 (m, 2H, OCH). 19F NMR (377 MHz, d6-benzene) δ/ppm: -143.29 (d, 2F, 
J = 21.5 Hz), -157.62 (d, 2F, J = 21.9 Hz). 13C NMR (101 MHz, d6-benzene) δ/ppm 142.5 
(C=C), 80.0 (C-O). HRMS (ESI) m/z: calc. for C10H4F4O 216.0198, found 216.0198. The data 
match literature references.337 
 
Synthesis of the calcium and strontium alkyl supported BIAN complex 
N
N
Ar
Ar
[M{CH(SiMe3)2}2(THF)2] +
RT, d6-benzene
N
N
Ar
Ar
Me3Si
Me3Si
M
SiMe3
SiMe3
M = Ca, Sr
Ar = 2,6-diisopropylphenyl
THF
1
2 3
4
5
67
8
4a8a
M = Ca 53a
Sr 53b
THF
 
In a glovebox [Ca{CH(SiMe3)2}2(THF)2] (0.02 g, 0.04 mmol) or [Sr{CH(SiMe3)2}2(THF)2] 
(0.02 g, 0.04 mmol) and the BIAN ligand (0.02 g, 0.04 mmol) were dissolved in d6-benzene 
(440.0 µL). The suspension turned first brown and after ten minutes a dark green solution was 
obtained. Calcium complex 53a: 1H NMR (400 MHz, d6-benzene) δ/ppm: 7.11 – 7.28 (m, 
6H, Har), 6.46 (d, 1H, J = 7.8 Hz, H3), 6.06 (t, 1H, J = 7.6 Hz, H2), 5.40 – 5.48 (m, 2H, 
H1/H7), 4.96 (dd, 1H, J = 4.6 Hz, J = 10.2 Hz, H6), 4.05- 4.20 (m, 1H, H8), 3.35 – 3.75 (m, 
10H, THF/CH(CH3)a(CH3)b), 3.10 – 3.30 (m, 2H, CH(CH3)a(CH3)b), 1.49 (d, 6H, J = 5.8 Hz, 
CH(CH3)a(CH3)b), 1.41 (d, 3H, J = 6.9 Hz, CH(CH3)a(CH3)b), 1.34 (d, 3H, J = 6.8 Hz, 
CH(CH3)a(CH3)b), 1.25 – 1.32 (m, 17H, THF, CH(CH3)a(CH3)b), 1.19 (d, 3H, J = 6.7 Hz, 
CH(CH3)a(CH3)b), 0.20 (s, 18H, Ca{CH(SiMe3)2}), 0.04 (s, 9H, CH8CH(SiMe3)a(SiMe3)b), -
0.02 (s, 9H, CH8-CH(SiMe3)a(SiMe3)b), -1.72 (s, 1H, [Ca{CH(SiMe3)2}]). Strontium complex 
53b: 1H NMR (400 MHz, d6-benzene) δ/ppm: 7.10 – 7.35 (m, 3H, Har), 6.80 – 7.05 (m, 3H, 
Har), 6.44 (d, 1H, J = 7.5 Hz, Hcore), 5.91 (t, 1H, J = 7.5 Hz, Hcore), 4.99 (d, 1H, J = 7.1 Hz, 
Hcore), 4.87 (d, 1H, J = 10.1 Hz, Hcore), 4.50 – 4.75 (m, 1H, Hcore), 3.92 – 4.20 (m, 1H, Hcore), 
3.30 – 3.75 (m, 10H, THF/CH(CH3)a(CH3)b), 2.90 – 3.30 (m, 2H, CH(CH3)a(CH3)b), 1.60 – 
1.90 (m, 8H, THF), 1.05 – 1.40 (m, 18H, CH(CH3)a(CH3)b), 0.98 (d, 6H, J = 6.6 Hz, 
CH(CH3)a(CH3)b), -0.15 (s, 9H, CH8CH(SiMe3)a(SiMe3)b), -0.19 (s, 18H, Sr{CH(SiMe3)2}), -
0.23 (s, 9H, CH8CH(SiMe3)a(SiMe3)b), -2.23 (s, 1H, [Sr{CH(SiMe3)2}]). 
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Synthesis of a BIAN supported calcium piperidine complex 54 
N
N
Ar
Ar
Me3Si
Me3Si
Ca
THF
SiMe3
SiMe3
+
N
N
Ar
Ar
Me3Si
Me3Si
Ca
THF
N
d6-benzene,
RT, 10 min
53a
N
H
54
- CH2(SiMe3)2
THF THF
 
A Young’s tap NMR tube was filled with freshly prepared 53a (0.03 g, 0.03 mmol) in d6-
benzene (440.0 µL) and piperidine (3.2 µL, 0.03 mmol). The tube was sealed, removed from 
the glovebox and analyzed by 1H NMR spectroscopy, which showed till conversion of the 
amine to the complex 54. 1H NMR (400 MHz, d6-benzene) δ/ppm: 7.07 – 7.34 (m, 6H, Har), 
6.47 (d, 1H, J = 7.7 Hz, Hcore), 6.06 (t, 1H, J = 7.5 Hz, Hcore), 5.30 – 5.55 (m, 1H, Hcore), 5.21 
(d, 1H, J = 7.7 Hz, Hcore), 4.94 (dd, 1H, J = 4.3 Hz, J = 10.1 Hz), 4.05 – 4.25 (m, 1H, Hcore), 
3.38 – 3.95 (m, 8H, THF), 3.00 – 3.31 (m, 4H, CH(CH3)2), 2.75 – 3.00 (m, 2H, 
N(CH2CH2)2CH2), 2.51 – 2.75 (m, 2H, N(CH2CH2)2CH2), 1.10 – 1.57 (m, 38H, THF, 
N(CH2CH2)2CH2), 0.01 – 0.09 (m, 18H, CH8CH(SiMe3)2).  
 
 
Experiments with BIAN supported alkyl complexes and pentafluorobenzene 
a) Calcium 
N
N
Ar
Ar
Me3Si
Me3Si
Ca
THF
SiMe3
SiMe3
+ C6F5H
d6-benzene,
RT, 2 h
53a
N
N
Ar
Ar
Me3Si
Me3Si
Ca
THF F5
55a
- CH2(SiMe3)2
THF THF
 
A Young’s tap NMR tube was filled with freshly prepared 53a (0.03 g, 0.03 mmol) in d6-
benzene (440.0 µL) and pentafluorobenzene (33.0 µL of 100 g/L in d6-benzene, 0.03 mmol). 
The tube was sealed and removed from the glovebox. Analysis by 1H and 19F NMR 
spectroscopy showed full conversion of pentafluorobenzene to the calcium complex 55a after 
2 h at room temperature. 1H NMR (400 MHz, d6-benzene) δ/ppm: 7.00 – 7.50 (m, 6H, Har), 
6.47 (t, 1H, J = 7.5 Hz, Hcore), 6.06 (t, 1H, J = 7.5 Hz, Hcore), 5.56 (dd, 1H, J = 2.1 Hz, 
J = 10.2 Hz, Hcore), 5.46 (t, 1H, J = 7.0 Hz, Hcore), 4.96 (dd, 1H, J = 4.5 Hz, J = 10.2 Hz, 
Hcore), 4.10 – 4.50 (m, 1H, Hcore), 3.05 – 4.00 (m, 12H, THF, CH(CH3)2), 0.80 – 1.80 (m, 
32H, THF, CH(CH3)2), 0.05 (s, 18H, CH(SiMe3)2). 
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B) Strontium:  
N
N
Ar
Ar
Me3Si
Me3Si
Sr
THF
SiMe3
SiMe3
+ C6F5H
d6-benzene
RT, 30 min
53b
- CH2(SiMe3)2
F4 D6
N
N
Ar
Ar
Me3Si
Me3Si
Sr
THF
C6F5
d6-benzene
RT, 2 h
55b
56
THF THF
- BIAN*[SrF]
 
A Young’s tap NMR tube was filled with freshly prepared 53b (0.03 g, 0.03 mmol) in d6-
benzene (440.0 µL) and pentafluorobenzene (33.0 µL of 100 g/L in d6-benzene, 0.03 mmol). 
The tube was sealed, removed from the glovebox and monitored by 1H and 19F NMR 
spectroscopy. After 2 h at room temperature pentafluorobenzene complete consumption of 
pentafluorobenzene was seen. Characterisation for 56: 19F NMR (377 MHz, d6-benzene) 
δ/ppm: -150.28 - -150.22 (m, 2F), -162.95 - -162.80 (m, 2F). MS (EI) m/z: 232 (C12D6F4), 213 
(C12D6F3+), 204 (C10D4F4). 
 
D. Intramolecular hydroalkoxylation 
General procedure for the intramolecular hydroalkoxylation of alkynyl alcohols: In a 
glovebox, a Young’s tap NMR tube was filled with the alkyne alcohol (0.15 mmol) and d6-
benzene (Vall = 440.0 µL) to yield a clear solution. A freshly prepared solution of the 
corresponding heavier alkaline amide in d6-benzene (100 g/L, 0.01 mmol) was added, the tube 
sealed and shaken to mix the two components. The tube with the homogenous, clear solution 
was removed from the glovebox and placed in a pre-heated oil bath (60 - 120 °C) for 0.3 -
30 h. After full conversion was observed by 1H NMR spectroscopy, the yield was determined 
by using the released HN(SiMe3)2 as internal integration standard (all yields > 95%) and 13C 
and 2D NMR spectra were recorded. The reaction was then diluted with Et2O, filtered over 
Celite and the solvent carefully removed under reduced pressure to yield a clear oil, which 
was submitted for high resolution mass spectrometry. 
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Kinetic studies of the intramolecular hydroalkoxylation: Collection of the data for the 
Arrhenius and Eyring plots were obtained by performing the reaction in the NMR machine 
and measuring NMR spectra at certain temperatures and intervals (see general experimental 
techniques). Due to time pressure the last kinetic experiments (dependence of the initial 
substrate concentration and the catalyst loading) were measured manually. Therefore the 
NMR tube was heated in an oil bath for a certain time and then 1H NMR spectra were 
measured at room temperature. As the reaction is strongly temperature dependent and shows 
only slow conversion at room temperature, this method proved to be exact enough to 
determine the role of substrate and catalyst concentration. The reaction rates were determined 
from the data up to 40% conversion. 
 
Synthesis of 2-methylenetetrahydrofuran 59303 
OH
[M{N(SiMe3)2}2]2 (5 mol%)
d6-benzene, 80 - 90 °C,
2.5 - 40 h O
58 59
O
+
60 (< 10%)
 
Characterisation for 59: 1H NMR (400 MHz, d6-benzene) δ/ppm: 4.47 – 4.58 (m, 1H, 
C=CHtransHcis), 3.85 – 3.98 (m, 1H, C=CHtransHcis), 3.64 (t, 2H, J = 6.6 Hz, OCH2CH2), 2.10 
(tt, 2H, J = 1.6 Hz, J = 7.7 Hz, OCCH2), 1.32 (q, 2H, J = 7.1 Hz, OCH2CH2). 13C NMR 
(101 MHz, CDCl3) δ/ppm: 163.3 (C=CHtransHcis), 79.1 (C=CHtransHcis), 70.4 (OCH2CH2), 29.2 
(OCCH2), 25.2 (OCH2CH2). MS (EI) m/z: 85 (M+), 84 (M). 
 
Synthesis of 5-methyl-2,3-dihydrofuran 60307 and 2-methylenetetrahydrofuran 59303 
• OH
OO
[M{N(SiMe3)2}2]2 (5 mol%)
d6-benzene, 90 °C
2.5 - 4 h
+
596061
 
1H NMR (400 MHz, d6-benzene) δ/ppm: 4.49 – 4.59 (m, 1H, C=CHtransHcis, 59), 4.37 -4.46 
(m, 1H, CH3C=CH, 60), 4.07 (t, 2H, J = 9.3 Hz, CH2CH2, 60), 3.85 – 3.94 (m, 1H, 1H, 
C=CHtransHcis, 59), 3.63 (t, 2H, J = 6.6 Hz, 59), 2.23 – 2.35 (m, 2H, OCH2CH2, 60), 2.02 – 
2.15 (m, 2H, OCCH2, 59), 1.60 – 1.74 (m, 3H, CH3C=CH, 60), 1.25 – 1.38 (m, 2H, 
OCH2CH2, 59). 13C NMR (101 MHz, CDCl3) δ/ppm: 163.3 (C=CHtransHcis, 59), 155.5 
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(CH3C=CH, 60), 94.3 (CH3C=CH, 60), 79.2 (C=CHtransHcis, 59), 70.4 (OCH2CH2, 59), 69.9 
(OCH2CH2, 60), 30.5 (OCH2CH2, 60), 29.2 (OCCH2, 59), 25.2 (OCH2CH2, 59), 13.5 
(CH3C=CH, 60).  
 
Synthesis of 4,4-dimethyl-2-methylenetetrahydrofuran 63303 
OH
[M{N(SiMe3)2}2]2 (5 mol%)
d6-benzene, 60 - 80 °C
< 1 - 8.5 h O
6362
 
1H NMR (400 MHz, d6-benzene) δ/ppm: 4.54 (s, 1H, C=CHcis/trans), 3.92 (s, 1H, 
C=CHcis/trans), 3.44 (s, 2H, OCH2C), 1.99 (s, 2H, CCH2C), 0.74 (2, 6H, C(CH3)2. 13C NMR 
(101 MHz, d6-benzene) δ/ppm: 163.3 (C=CH2), 81.3 (OCH2C), 80.1 (C=CH2), 43.9 (CCH2C), 
37.7 (C(CH3)2), 24.5 (C(CH3)2). MS (EI) m/z: 113 (MH+), 97 (C6H9O+), 83 (C5H7O+), 71 
(CH7O+). 
 
Synthesis of 1-methylene-1,3-dihydroisobenzofuran 66303 
OH O
[M{N(SiMe3)2)2}2]2 (5 mol%)
d6-benzene, 60 - 80 °C
< 0.5 - 0.8 h
6665
 
1H NMR (400 MHz, d6-benzene) δ/ppm: 7.16 – 7.24 (m, 1H, Har), 6.90 – 7.00 (m, 2H, Har), 
6.62 – 6.70 (m, 1H, Har), 4.80 (s, 2H, CH2O), 4.72 (s, 1H, Hcis), 4.55 (s, 1H, Htrans). 13C NMR 
(101 MHz, d6-benzene) δ/ppm: 162.5 (OC=CH2), 140.6 (Cq), 134.2 (Cq), 128.8 (Car), 127.9 
(Car), 121.3 (Car), 120.8 (Car), 78.2 (CH2O), 73.5 (OC=CH2). HRMS (ESI) m/z: calc. for 
C9H80: 132.0575, found 132.0574. 
 
Synthesis of 2-Benzylidene-tetrahydrofuran 68 and 69303 
OH
[M{N(SiMe3)2]2 (5 mol%)
d6-benzene, 90 - 110 °C
0.3 - 16 h O O
+
69 70
Ph
O
+ Ph
68
Ph
Ph
67
 
IV. Experimental Procedure  172 
 
Characterisation for 68 and 69: 1H NMR (400 MHz, d6-benzene) δ/ppm: 7.82 (d, 1H, 
J = 7.2 Hz, Hortho, 69), 7.29 (t, 1H, J = 7.8 Hz, Hmeta, 69), 7.24 – 7.36 (m, 4H, Hothro/meta, 68), 
7.11 – 7.23 (m, 2H, Cpara, 69/68), 6.35 (s, 1H, Ph-CH=C, 68) , 5.35 (s, 1H, Ph-CH=C, 69), 
3.69 (t, 2H, J = 6.7Hz, OCH2CH2, 69), 3.60 (t, 2H, J = 6.8 Hz, OCH2CH2, 68), 2.27 (dt, 2H, 
J = 2.0 Hz, J = 7.5 Hz, C=C-CH2, 68), 2.15 (dt, 2H, J = 1.4 Hz, J = 7.6 Hz, C=C-CH2, 69), 
1.28 – 1.36 (m, 2H, OCH2CH2, 68), 1.18 – 1.28 (m, 2H, OCH2CH2, 69). 13C NMR (101 
MHz, d6-benzene) δ/ppm: 159.7 (Ph-CH=C, 5), 157.4 (Ph-CH=C, 69), 138.6 (Car, 69), 137.9 
(Car, 5), 128.6 (Car), 128.5 (Car), 127.4 (Car), 127.2 (Car), 124.9 (Car), 124.7 (Car), 99.6 (Ph-
CH=C, 5), 97.8 (Ph-CH=C, 69), 71.8 (OCH2CH2, 69), 69.1 (OCH2CH2, 68), 31.0 (C=C-CH2, 
69) , 28.4 (C=C-CH2, 68) , 25.1 (OCH2CH2, 68), 24.1 (OCH2CH2, 69). HRMS (ESI) m/z: 
calc. for C12H130: 161.0966; found 161.0960. 
 
Synthesis of 2-methylenetetrahydro-2H-pyran 72338 
OH
O O
OH
[M{N(SiMe3)2}2]2 (10 mol%)
d6-benzene, 110 -1 120 °C
18 - 30 h
+ +
72 73 7471
 
Characterisation of 72: 1H NMR (400 MHz, d6-benzene) δ/ppm: 4.51 (s, 1H, C=CH2), 4.03 
(s, 1H, C=CH2), 3.60 (t, 2H, J = 5.4 Hz, OCH2CH2), 1.98 (t, 2H, J = 6.3 Hz, CCH2CH2), 1.22 
– 1.38 (m, 4H, OCH2CH2/CCH2CH2). 13C NMR (101 MHz, CDCl3) δ/ppm: 160.6 (C=CH2), 
91.2 (C=CH2), 69.2 (OCH2CH2), 29.6 (CCH2CH2), 25.4 (OCH2CH2/CCH2CH2), 23.4 
(OCH2CH2/ CCH2CH2). 
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V. Supplement 
 
 
Graph 26. Attempt to fit the data according to a second-order rate law. 
 
Graph 27. Attempt to fit the data according to a third-order rate law. 
 
Graph 28. Plot of piperidine concentration against time at different initial substrate  
concentrations (Reaction conditions: 50 °C, catalysed by 10 mol% of [Sr{N(SiMe3)2}2]2). 
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Graph 29. Plot of piperidine concentration against time at different [Sr{N(SiMe3)2}2]2 
loadings (Reaction conditions: 50 °C, 0.44 M initial piperidine concentration). 
 
 
Graph 30. Plot of piperidine concentration against time at different initial amine 
 concentrations (Reaction conditions: 60 °C, 10 mol% of [Ca{N(SiMe3)2}2]2). 
 
 
Graph 31. Plot of piperidine concentration against time at different temperatures  
(Reaction conditions: 0.28 M initial substrate conc., 10 mol% of [Ca{N(SiMe3)2}2]2). 
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Graph 32. Plot of piperidine concentration against time at different temperatures  
(Rct. conditions: 0.22 M initial substrate concentration, 2 mol% of [Ca{CH(SiMe3)2}2]). 
 
 
Graph 33. Plot of piperidine concentration against time at different temperatures  
(Rct. conditions: 0.22 M initial substrate concentration, 2 mol% of [Sr{CH(SiMe3)2}2]). 
 
 
Graph 34. The Arrhenius plot for the methoxystryene hydroamination catalysed by  
2 mol% of [M{CH(SiMe3)2}2(THF)2] at 0.22 M initial piperidine concentration. 
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Graph 35. The Eyring plot for the methoxystryene hydroamination catalysed by  
2 mol% of [M{CH(SiMe3)2}2(THF)2] at 0.22 M initial piperidine concentration. 
 
 
Graph 36. Reverse first-order plot at different temperatures for the hydroalkoxylation  
 catalysed by 2 mol% of [Sr{N(SiMe3)2}2] at 0.30 M initial substrate concentration. 
 
 
Graph 37. Reverse first-order plot at different temperatures for the hydroalkoxylation  
catalysed by 2 mol% of [Ca{N(SiMe3)2}2]2 at 0.30 M initial substrate concentration.  
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Graph 38. Plot of product concentration as a function of time for the addition of  
different equivalence of [Ba{N(SiMe3)2}2]2 (40 °C, [substrate]t=0 = 0.29 M). 
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Crystal data and structure refinement for Diels-Alder adduct 44 
 
Identification code AB0818 
Formula C36 H32 
Formula weight 464.62 
Temperature 173(2) K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å 
Crystal system, space group Monoclinic, P2(1)/c 
Unit cell dimensions a = 16.6743(3) Å α = 90° 
 b = 9.82589(16) Å β = 94.0611(17)° 
 c = 15.5342(2) Å γ = 90° 
Volume, Z 2538.73(7) Å3, 4 
Density (calculated) 1.216 Mg/m3 
Absorption coefficient 0.068 mm-1 
F(000) 992 
Crystal colour / morphology Colourless blocks 
Crystal size 0.40 x 0.26 x 0.13 mm3 
θ range for data collection 4.04 to 32.41° 
Index ranges -24<=h<=24, -14<=k<=14, -22<=l<=23 
Reflns collected / unique 35530 / 8411 [R(int) = 0.0422] 
Reflns observed [F>4(F)] 4908 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 1.00000 and 0.80084 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 8411 / 0 / 325 
Goodness-of-fit on F2 1.007 
Final R indices [F>4σ(F)] R1 = 0.0552, wR2 = 0.1436 
R indices (all data) R1 = 0.0932, wR2 = 0.1672 
Largest diff. peak, hole 0.341, -0.188 eÅ-3 
Mean and maximum shift/error 0.000 and 0.000 
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